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ABSTRACT
Articular cartilage is highly specialized avascular tissue that covers the articulating ends of bones. Its
main function is to enable smooth and effortless movement of joints while transmitting and distributing
loads from bone to bone. The regenerative capability of articular cartilage is limited. Since the tissue
is aneural, there will be no signs of advancing joint disease, such as osteoarthritis, until it has reached
an incurable state. Thus, a method to provide an early diagnosis would be of help in designing effective
interventions to stop or at least slow down disease progression. As no disease modifying osteoarthritis
drugs are currently available, sensitive diagnostics would also support the development of novel treatment
strategies.
Specific magnetic resonance imaging (MRI) methods, such as T2 relaxation time mapping and
delayed gadolinium enhanced MRI of cartilage (i.e. dGEMRIC) have been proposed as ways of obtaining
quantitative evaluation of articular cartilage. This study aims at the further development of these
methods; to study how the specific MRI parameters reflect the structural and functional properties of
articular cartilage and to address the potential limitations, such as the significance of precontrast T1 and
the assumption of constant relaxivity of the contrast agent. For this purpose, relaxation properties of
intact and spontaneously degenerated human and animal cartilage were studied at 9.4 T with reference
to the biomechanical, biochemical and histological properties which were measured using well-established
quantitative methods. The cartilage structure was assessed using quantitative polarized light microscopy
(PLM). The concentration of Gd-DTPA2− in articular cartilage was evaluated by localized cryo-cell laser
ablation inductively coupled plasma mass spectrometry (CC-LA-ICP-MS).
The T2 relaxation time was found to be sensitive to both maturation related changes of cartilage and
the structural integrity of the tissue. The structural properties of the collagen fibril network in articular
cartilage, as detected by PLM, were clearly detectable by T2 mapping. In spontaneous degeneration,
the T2 relaxation time showed a significant increase, especially in the superficial part of the tissue (in-
crease from 45 ± 15 ms to 128 ± 109 ms, p < 0.05) with a concomitant change in its biochemical and
biomechanical properties. The T1 relaxation time in the presence of Gd-DTPA
2− contrast agent, i.e.
the dGEMRIC index, changed with cartilage degeneration and was closely related to the cartilage pro-
teoglycan content (R = 0.817, p < 0.01) and water content (R = −0.870, p < 0.01). The concentration
of Gd-DTPA2−, as measured by CC-LA-ICP-MS exhibited variations between different joint surfaces
and along the cartilage depth, with a significantly higher Gd-DTPA2− concentration in tibial cartilage.
The present results indicate that the relaxation properties are related to the structure and com-
position of articular cartilage and can provide information on cartilage degeneration in a non-invasive
manner. The results also suggest that certain factors, such as the relaxivity of Gd-DTPA2− should be
further considered when conducting dGEMRIC experiments. Furthermore, T2 experiments may provide
the possibility to estimate the maturation of articular cartilage, via assessment of the related changes
in tissue structure. By making certain assumptions, the functional properties of articular cartilage may
be assessed using relaxation properties. Carefully controlled clinical studies are needed to establish the
feasibility of the present MRI parameters, to improve the diagnosis of early osteoarthritis and to support
the development of disease modifying treatment strategies.
National Library of Medicine Classification: WE 141, WE 300, WE 304, WE 348, WN 160, WN 185
Medical Subject Headings: Joint Diseases/diagnosis; Osteoarthritis/diagnosis; Cartilage, Articular;
Magnetic Resonance Imaging; Contrast Media; Gadolinium DTPA; Biomechanics; Microscopy, Polar-
ization; Collagen; Proteoglycans
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ABBREVIATIONS
AC articular cartilage
CC-LA-ICP-MS cryo-cell laser ablation inductively coupled plasma mass spectrometry
CCD charge coupled device
CD cell density
CECT contrast enhanced cartilage tomography
dGEMRIC delayed gadolinium enhanced MRI of cartilage
ECM extracellular matrix
EDTA ethylenediaminetetraacetic acid
emf electromotive force
FCD fixed charge density
FE finite element
FID free induction decay
GAG glycosaminoglycan
Gd-DTPA2− gadolinium diethylenetriamine penta-acetic acid
IR inversion recovery
LPG lateral facet of femoral groove
MC medial femoral condyle
MRI magnetic resonance imaging
MT magnetization transfer
MTP medial tibial plateau
NMR nuclear magnetic resonance
OA osteoarthritis, osteoarthritis
PAT upper lateral quadrant of patella
PBS phosphate-buffered saline
PG proteoglycan
PLM polarized light microscopy
RF radio frequency
ROI region of interest
SAR specific absorption rate
SD standard deviation
SNR signal-to-noise ratio
SR saturation recovery
TE time-to-echo
TI inversion time
TR time-to-repeat
WC water content
SYMBOLS
~B0 main magnetic field (T)
~B1 magnetic field induced by RF energy
~B1SL spin-lock field induced by RF energy
~Bxy magnetic field in xy plane
~Bz magnetic field in z direction
~Beff effective field
~Bext external magnetic field
C concentration
CH2O water content
CQI cartilage quality index
∆E energy difference (between spin states)
Edyn dynamic modulus
Eeq elastic modulus at mechanical equilibrium (Young’s modulus)
γ gyromagnetic ratio (rad s−1T−1)
[Gd-DTPA2−] concentration of Gd-DTPA2−
1H proton
h Planck’s constant or sample thickness
~ Dirac’s constant (h/(2pi))
J(ω0) spectral density of molecular motion
k Boltzmann’s constant or factor representing the accuracy of 90◦or 180◦pulse
λ wavelength
~M net magnetization
~M⊥ magnetization in the xy plane
~Mx magnetization in x direction
~My magnetization in y direction
~Mz magnetization in z direction
~µ magnetic dipole moment
n number of samples
Nα number of spins at lower energy
Nβ number of spins at higher energy
ω0 angular frequency (Larmor frequency) (rad s
−1)
R correlation coefficient
R1 T1 relaxation rate
R2 T2 relaxation rate
SEdyn sub-score corresponding to Edyn
SEeq sub-score corresponding to Eeq
SH2O sub-score corresponding to CH2O
Shist Mankin sub-score
SMankin Mankin score
τc correlation time
p statistical significance
r1 T1 relaxivity (mM
−1s−1)
T absolute temperature
t time
T1ρ T1ρ relaxation time
T1 T1 relaxation time
T ∗2 T
∗
2 relaxation time
T2 T2 relaxation time
θ angle between ~B0 and vector joining two dipoles
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Chapter I
Introduction
Articular cartilage is an avascular and aneural tissue, that covers the articulating ends
of bones. The function of articular cartilage is to provide load transmission from bone to
bone while maintaining nearly frictionless motion between articulating surfaces [29, 121].
The possibility for regeneration (replacement of damaged tissue) of articular cartilage
is extremely limited and thus the tissue has to remain functional over the entire life of
an individual. The prevalence of degenerative joint disease or osteoarthritis (OA) pro-
gressively increases with age, and affects more than 80 per cent of people older than
seventy-five years [28]. It has been estimated that approximately 400 thousand indi-
viduals in Finland are affected by some form of degenerative joint disease, while the
corresponding number in the United States in 1992 was over 17 million individuals.
Overall medical expenses of these disorders amounted to about 150 billion dollars in the
United States [194]. Not only are the medical expenses a huge burden to society, but
the pain and suffering of individuals is significant [83].
The interactions between the constituents of articular cartilage determine the re-
sponse to mechanical loading [117, 121]. The levels and integrity of the constituents,
i.e. type II collagen network and proteoglycan (PG) macromolecules, are critical for the
function of articular cartilage [28, 29, 121]. The earliest signs of cartilage degeneration,
such as OA, include increased water content and loss of PGs [28], which impair the me-
chanical properties of the tissue [29]. This outcome may depend on the cellular response
of the chondrocytes, it may not become worse, the PGs may even be replenished [73],
or the degeneration may progress. Cartilage is highly metabolic and can adapt to this
impaired state. However, at the point of collagen network disorganization, the changes
are thought to be irreversible [28]. The degeneration is accompanied by sclerosis of the
subchondral bone and fragmentation of cartilage [28].
Most of current clinical cartilage monitoring techniques are either invasive, or qual-
itative. The techniques in use include radiography of the joints, where OA is detected
from the narrowing of the joint space and increased density of subchondral bone and os-
teophytes [29], arthroscopic techniques for direct inspection of articular surfaces [29] and
analysis of synovial fluid. X-ray [5] and arthroscopic techniques involve either ionizing
radiation or are invasive in that they require opening of the joint. Furthermore, neither
of these techniques is very sensitive at detecting the molecular alterations or the signs of
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early degeneration of articular cartilage. There are several new techniques being exam-
ined for the diagnosis of cartilage disorders; these include a variety of non- or minimally
invasive modalities, such as quantitative ultrasound measurements [124, 149, 170] and
quantitative magnetic resonance imaging (MRI) [19, 53, 54]. MRI methods are versa-
tile and there are several different possibilities for imaging the structural properties of
articular cartilage.
In this thesis, the aim was to study the feasibility of using certain MRI methods
in differentiating between normal and degenerated articular cartilage as well as further
researching the background and assumptions inherent in these methods. Tissue samples
with varying levels of degeneration were studied using these MRI methods and com-
pared to reference techniques to assess to ability of MRI to detect early degeneration.
Furthermore, different species with varying stages of cartilage maturation were investi-
gated to reveal the overall feasibility of using MRI techniques to characterize cartilage
with a variety of phenotypes. Finally, a methodological comparison was made to further
investigate specific issues related to a contrast agent enhanced MRI method.
Chapter II
Articular Cartilage
In human knee joint, the thickness of articular cartilage varies from about 1 mm to over
6 mm [9]. The tissue has a pale white color and feels smooth and stiff, yet resilient.
Articular cartilage is a complex composite tissue that contains only one type of cells,
chondrocytes [27].
2.1 Composition and structure
The structure and composition of articular cartilage is highly anisotropic, with the or-
ganization and concentration of its constituents varying according to tissue depth [27].
There are two main constituents of articular cartilage: 1) cells, i.e. chondrocytes and 2)
extracellular matrix (ECM) with interstitial water containing ions and nutrients (2.1).
The ECM is formed of collagen and proteoglycan (PG) macromolecules [27, 29, 116]. In-
terstitial water comprises 60–80% of the tissue wet weight, while collagens, proteoglycans
and other proteins contribute 20–40% of the wet weight [27].
The structure of the tissue changes from the articular surface to the bone interface
in terms of collagen fibril network organization [16]: in the superficial zone of the tissue,
fibrils run in parallel to the articular surface, in the middle zone, the fibrils are in a
random arrangement, arching towards the deep zone, where the fibrils run perpendicular
to the surface (Fig. 2.2) [16, 27, 116]. The size, shape and number of cells also changes
at different cartilage depths [27]. This unique construction of articular cartilage enables
it to withstand the mechanical loads and wear and tear accumulating over the lifespan of
an individual [28]. The task is extremely demanding, however, and due to an imbalance
between the regenerative capability and matrix molecule degradation, articular cartilage
frequently fails to cope with this task [28].
Interstitial water has an important role in cartilage. It provides the environment
for biological processes, such as nutrition and the transport of waste products out of
the tissue [102] as well as for mechanical function, supporting the load and providing
lubrication between the articulating surfaces [116, 119].
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2.1.1 Collagens
Articular cartilage contains a number of different types of collagens and it contributes
about 60% of the tissue dry weight [27, 47]. The principal collagen type is type II
collagen, accounting for 90–95% of the total collagen amount [27]. Types IX and XI
bind covalently to type II and together form cross-linked fibrils [27]. These fibrils are
organized into a mesh, which endows the tissue its tensile strength and provides other
macromolecules and water with a frame with which to bind [16, 27]. The minor collagens
presumably help to form and further stabilize the collagen fibrils primarily assembled
from the principal, type II collagen [27]. Type IX collagen molecules also help to bind the
proteoglycans to the meshwork [145, 146]. Type VI collagens appear to have an important
role surrounding the chondrocytes and helping them to bind to the meshwork [27]. The
structure of the fibril meshwork in articular cartilage is related to the maturation of the
tissue [58, 62, 192] and to the loading conditions of the tissue [187].
2.1.2 Proteoglycans
Proteoglycans contribute to about 25–35% of tissue dry weight and the remaining 15–
20% is contributed by other proteins [27]. Proteoglycans bind to the meshwork formed by
collagens, or become mechanically entrapped within the meshwork [27]. Proteoglycans
consist of a core protein to which glycosaminoglycan (GAG) side chains are attached.
GAGs are long polysaccharide chains of repeating disaccharide units containing an amino
sugar [27]. Each disaccharide unit contains at least one negatively charged carboxylate
or sulfate group and thus the GAGs are long negatively charged chains, that attract
cations and repel negative charges.
There are two main classes of proteoglycans: large, aggregating PG monomers (ag-
grecans) and smaller PGs [27, 134]. Aggrecans have large numbers of GAG chains
(chondroitin-sulfate and keratan-sulfate) attached to a core protein. Large non-aggre-
gating, aggrecan-resembling PGs also exist in articular cartilage. Aggrecans and large
non-aggregating PGs contribute most to the matrix PG mass, while smaller PGs account
for only about 3% of the mass. Aggrecans are further attached to the hyaluronan back-
bone with link proteins to form very large PG aggregates [27], which may contain more
than 300 aggrecan molecules. The formation of large aggregates helps anchoring PGs
within the ECM, preventing their movement and detachment during loading [27, 105].
2.1.3 Chondrocytes
Only one type of cell exists in articular cartilage: the chondrocyte, which is a highly
specialized, spheroid-shaped cell. The chondrocytes are surrounded by ECM and do
not form cell-to-cell contacts [27]. Chondrocytes are capable of synthesizing matrix
molecules. Furthermore, they are able to detect mechanical changes in their environment
and then to respond to these changes [27]. Chondrocytes are responsible for producing
the complex structure of articular cartilage and maintaining its framework by degradation
and synthesis. [27]. During growth, the chondrocytes reach their peak metabolic activity
and produce large volumes of matrix, whereas in mature cartilage, the cell division
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Figure 2.1: Schematic diagram of the main components in articular cartilage: collagen fibrils,
proteoglycans, interstitial water and smaller proteins [116].
declines and their activity decreases [27]. The cells receive nutrients via the synovial
fluid [27].
2.1.4 Structure
The composition, organization and mechanical properties of articular cartilage vary with
tissue depth [16, 89, 121, 191]. Thus there are not only changes in cell morphology but
probably also in cellular function as one progresses from the surface to the deep zones
[27] (Fig. 2.2).
In the most superficial zone, the thinnest zone, collagen fibrils run in parallel to the
surface, but their direction in the plane of the articular surface is not restricted [190]. The
chondrocytes in this zone are flattened, with their main axis parallel to the surface [27].
The PG concentration is lower here than in the other zones. The superficial zone has an
important role in providing the mechanical properties of articular cartilage [86, 116, 156].
The earliest degenerative signs typically appear in the superficial zone.
The transitional zone is morphologically heterogeneous, with cartilage properties
changing from the properties of the superficial zone to those of radial zone. Here, the
chondrocytes have a spheroid shape and the collagen fibrils are in a more random order,
with fibrils arching from a parallel orientation towards a radial orientation. [27, 190]
In the radial or deep zone, the fibrils run in a perpendicular direction to the articular
surface and are larger in diameter. The chondrocytes in this zone are slightly larger,
spheroid in shape and tend to align in columns perpendicular to the surface [27]. The
concentration of PGs is highest and the water content is lowest in this zone [27]. Below
the radial zone, often a zone of calcified cartilage is found, which sometimes is labeled
as the fourth zone [27].
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Superficial zone 5-15%
Transitional zone 1-15%
Deep/radial zone 70-90%
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Figure 2.2: Schematic presentation of the structure of articular cartilage and subchondral
bone, with the zones indicated. In the superficial zone, collagen fibrils run in parallel to the
surface, in the transitional zone, the fibrils are arranged randomly and in the deep zone, the
fibrils run perpendicular to the articular surface. In the deep region, a calcified zone is sometimes
seen, just above the subchondral bone. Trabecular bone begins below a thin layer of cortical
bone.
2.2 Mechanical properties
Since the main function of articular cartilage is of a mechanical nature, the mechanical
properties are a key determinant of tissue functionality [7]. The material properties of
articular cartilage are mainly determined by the collagen network and the PGs [25, 27].
Interactions between interstitial water and these constituents determine the stiffness as
well as the resilience and also the viscoelastic properties of the tissue [28, 121]. PGs
are hydrophilic molecules and capable of entraining huge amounts of water, as much as
50 times their weight. In cartilage, PGs become entrapped in the collagen mesh and
compressed to a small fraction of space they would otherwise occupy. Additionally, the
high negative charge of the GAG side chains creates electrostatic repulsive forces between
the chains. This is further enhanced by the swelling tendency of the charges, creating a
Donnan osmotic effect. [25, 116]. The compression of PGs in the ECM and the osmotic
pressure caused by PGs creates a tensile prestress in the collagen fibers that gives the
tissue its ability to withstand loads [25, 116].
The instantaneous compressive stiffness of cartilage is largely determined by the water
trapped in the collageneous framework filled with PGs; during an instant or dynamic
load, the water is unable to flow out from the tissue and thus the water and tensile stress
of collagen together resist the load [116]. In this way, articular cartilage is virtually
incompressible under dynamic loads [163]. On the other hand, during a prolonged loading
situation, such as standing, the cartilage exhibits a creep response, i.e. the tissue is slowly
compressed and the interstitial water flows out from the tissue [116]. During the loading,
the contact area between joint surfaces increases, until at some point, equilibrium is
reached [25, 116]. Subsequently, when the load is removed, cartilage will re-swell again
to match the lower load.
The mechanical properties of articular cartilage are typically determined using stress-
relaxation and creep tests. In the stress-relaxation test, a constant displacement is ap-
plied to cartilage instantaneously and the resulting peak-stress slowly decreases towards
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equilibrium. In the creep test, application of a constant force results in a time-dependent
deformation of the tissue.
The properties are mostly determined using unconfined compression, confined com-
pression or indentation testing [118]. Indentation testing is the only of these techniques
that may be suitable for in vivo testing [97], whereas the other measurement geometries
require isolated cartilage samples that are cylindrical and removed from the subchondral
bone (unconfined compression). In confined compression, the cartilage sample is placed
in an impervious chamber and compressed with a porous, i.e. permeable piston, allowing
fluid flow axially through the piston. In unconfined compression, fluid flow is allowed
from the sides of the cartilage sample [89]. In a simplified model, the mechanic properties
may be described analytically, but for the characterization of complex models, numerical
methods, primarily finite element (FE) analysis is required.
An analytical model for the indentation geometry was proposed by Hayes et al. [65].
In this model, cartilage was assumed to be an isotropic elastic material, bonded to a
rigid solid. Although the mechanical properties may be analyzed with this model, it is
quite obvious that the actual response differs from this situation in the highly anisotropic
articular cartilage. The use of complex models enables prediction of cartilage properties
that cannot be measured. These models, however, require numerical solving methods,
such as FE. The viscoelastic model [131] assumes that cartilage is a combination of an
elastic response and a viscous response. This model was further enhanced by the bipha-
sic model that takes interstitial fluid into account [120]. In the biphasic poroviscoelastic
model, also the viscosity was considered, again improving the agreement between theo-
retical and experimental tests [99]. The models have further extended to the triphasic
model [90] including an ion phase and to the fibril-reinforced poroelastic model [160]
describing the role of the anisotropic collagen network.
The mechanical properties of articular cartilage are dependent on measurement site,
depth, species and whether the loading is conducted in compression or tension [10, 71, 72,
85, 86, 98]. The mechanical properties of articular cartilage in compression are typically
reported by means of the aggregate modulusHA, Young’s or equilibrium modulus Eeq and
dynamic or instantaneous modulus Edyn. When the tissue is assumed to be elastic and
isotropic, the first two are connected through Poisson’s ratio [84]. Typically the moduli
represent the compression response of the articular cartilage for given loading conditions
and geometry (unconfined, confined or indentation tests) [84]. The mechanical properties
are known to vary both along the thickness of articular cartilage as well as within the
joint surface, and from joint to joint [89, 91]. The properties are dependent on the
integrity of the collagen network; instantaneous stiffness is significantly reduced if there
is fibrillation of the superficial collagen layer [7]. Typical mechanical properties, along
with relevant biological information, are given in the table (2.1).
2.3 Osteoarthritis
The most common degenerative joint disease, osteoarthritis, is one of the most frequent
and symptomatic health problems experienced by middle aged and elderly people [30].
The disease is characterized by joint pain and dysfunction. It affects countless indi-
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Table 2.1: Biological and mechanical properties of different types of articular cartilage: species,
sampling site, number of samples, aggregate modulus HA (MPa) equilibrium or Young’s mod-
ulus Eeq (MPa) and dynamic modulus Edyn (MPa).
Species Site Treatment n HA (MPa) Eeq (MPa) Edyn (MPa) Ref.
bovine PAT control 9 1.07± 0.31 [126]
collagenase 8 0.67± 0.28
chondroitinase
ABC
7 0.41± 0.28
human FLC normal 4 0.70± 0.23 [10]
FMC 6 0.59± 0.11
FG 4 0.53± 0.09
bovine FLC normal 10 0.89± 0.29
FMC 10 0.90± 0.43
FG 10 0.47± 0.15
human PAT normal 103 0.79± 0.36 [7]
canine FG (shear modulus) 9–10 0.96± 0.19 3.96± 1.78 [86]
FMC 9–10 0.64± 0.15 1.95± 0.51
FLC 9–10 0.60± 0.08 1.88± 0.23
TLP 9–10 0.45± 0.06 0.92± 0.14
TMP 9–10 0.39± 0.06 0.74± 0.12
PAT = patella, FG = femoral groove, FLC = femoral lateral condyle,
FMC = femoral medial condyle, TLP = tibial lateral plateau, TMP = tibial medial
plateau
viduals, especially in industrialized countries, and is associated with enormous costs to
society and the hardship for the sufferer and his/her loved ones [1, 194]. OA is caused by
a pathological process which involves progressive loss of articular cartilage, attempted
repair by chondrocytes, remodeling and sclerosis of subchondral bone and osteophyte
formation [1, 28–30]. The pathophysiology of OA remains poorly understood, although
it is known that increased age, possibly through increased exposure time to other risk
factors, and excessive joint loading increase the risk of degeneration [30]. The diagnosis
of OA is difficult as cartilage is aneural and avascular and signs of OA appear only in
the late phases of the disease [28, 123]. Furthermore, current treatments do not cure
OA, and even pain relief is not always satisfactory. Once an individual develops OA, it
will likely remain, and often the intensity of pain and the degree of disability tend to
increase with time [30].
Chapter III
Magnetic Resonance Imaging of
Articular Cartilage
The following sections will cover main the concepts of magnetic resonance imaging and
those key issues being examined in this thesis. An extensive and thorough theoretical
review is available in the literature [2, 26, 34, 36, 50, 61, 75]. These books are the
source for all the theoretical aspects provided in this chapter, supplemented with other
important work where necessary.
3.1 Nuclear magnetic resonance
Magnetic resonance imaging is based on the phenomenon of nuclear magnetic resonance.
The nuclei possess magnetic dipole moment ~µ through an intrinsic quantum property
spin s, or spin angular momentum. In an external magnetic field ~B0, the dipole moments
will align with the field, assuming one of the allowed quantum states. In the external
field, the spins will start precessing about the field axis at a certain, nucleus-dependent
frequency, called the Larmor frequency
ω0 = −γ ~B0. (3.1)
The spins will reach thermodynamic equilibrium with the static field, so that a slightly
higher fraction of spins will have a lower energy level. For spin-1
2
-nucleus, such as 1H,
the fraction is given by the Boltzmann distribution:
Nα
Nβ
= e∆E/kT , (3.2)
where Nα and Nβ represent the number of spins at different energy levels, ∆E = −γ~ ~B0
is the energy difference between the two states allowed for 1H, k is Boltzmann’s constant,
T is temperature and ~ = h/(2pi), where h is Planck’s constant. The magnetic moment
associated with each spin cannot be individually measured, but the vector sum of the
momenta, i.e. net magnetization ~M , can be determined. The torque exerted on the net
magnetization by the external magnetic field is
d ~M
dt
= γ ~M × ~Bext, (3.3)
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where ~Bext is the magnetic field acting on spins. The equilibrium of the spins can be
disturbed externally with an oscillating electromagnetic field (radiofrequency energy, RF)
at the Larmor frequency, i.e. at the resonance frequency.
~B1 = B1(cosω0txˆ− sinω0tyˆ), (3.4)
where B1 is the amplitude of the RF irradiation. Viewed from a rotating frame of
reference (rotation of axis at the Larmor frequency), the main field appears reduced to
∆B, which is the field due to the difference in ω0 and the rotation frequency of the frame.
Ideally, the reduced field will be zero and the only field remaining in the rotating frame
of reference, is the ~B1 field. Together these form the effective magnetic field
Beff =
√
B21 + (∆B)
2, (3.5)
which is the field along which the magnetization will be rotated during the application
of RF irradiation.
3.2 Relaxation
After the equilibrium of the spins has been perturbed, the equilibrium will recover
through relaxation. Relaxation is a highly complex process, that has been investigated
intensively, and is the source of the diversity of MRI applications. The relaxation is a
process in which the spins experience random perturbations at the Larmor frequency
and thus gain and lose energy until thermal equilibrium is achieved again. The source of
disturbance is in the sample; the vibration of chemical bonds and molecules, as well as
the random movement of molecules. Since this is a random process, it is impossible to
quantitatively describe, and thus a statistical term, correlation time τc, has been devised
to describe the random movement. The spectral density J(ω), which is the frequency
spectrum of the correlation function and provides a frequency distribution of randomly
tumbling molecules, is defined by
J(ω) =
τc
1 + ω2τ 2c
, (3.6)
where τc is the correlation time that expresses the time scale of the motion.
The behavior of the magnetization, after RF perturbation, can be described by
Bloch’s equation:
d ~M
dt
= γ ~M × ~Bext −
1
T1
(Mz −M0)zˆ −
1
T2
~M⊥, (3.7)
where ~Bext = ~B0, parallel to zˆ, ~M⊥ = Mxxˆ+Myyˆ i.e. the magnetization in transversal
plane, and T1 and T2 are empirical parameters describing the relaxation. Equation (3.7)
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produces three components
dMz
dt
= −Mz −M0
T1
(3.8)
dMx
dt
= ω0My −
Mx
T2
(3.9)
dMy
dt
= −ω0Mx −
My
T2
, (3.10)
which can further be solved to
Mx(t) = e
−t/T2(Mx(0) cosω0t+My(0) sinω0t) (3.11)
My(t) = e
−t/T2(My(0) cosω0t−Mx(0) sinω0t) (3.12)
Mz(t) = Mz(0)e
−t/T1 +M0(1− et/T1), (3.13)
assuming Mi(t = 0) = Mi(0) and M0 being the equilibrium magnetization at z-axis. It
can be readily appreciated from Bloch’s equation (3.7) that relaxation is characterized
by two time constants, T1 and T2 relaxation times. Very often it is useful to consider
relaxation rates, i.e. the reciprocals of T1 and T2, R1 = 1/T1 and R2 = 1/T2 instead of
the relaxation times.
3.2.1 T 1 relaxation
T1, or spin-lattice relaxation describes the re-growth of equilibrium magnetization in the
z-direction. The processes in spin-lattice relaxation involve energy exchange between the
spins and their molecular surroundings, i.e. the lattice and thus the name. T1 relaxation
is dependent on the fluctuating fields caused by molecular movement at the resonance
frequency:
1
T1
∝ B2xyJ(ω0) (3.14)
It can be seen that T1 relaxation is most efficient for molecular motion occurring at a
resonance frequency, for which τcω = 1.
3.2.2 T 2 relaxation
T2, or spin-spin relaxation describes the decay of the transversal magnetization towards
zero. T2 is always less than T1, but can be nearly equal to T1. Typically however,
T2 relaxation takes place significantly more rapidly than that of T1. The processes in
spin-spin relaxation involve energy transfer between neighboring nuclear spins without
exchange of energy with the lattice. In addition to fluctuations at the resonant frequency,
T2 relaxation is also affected by low frequency components of molecular motion
1
T2
∝ B2zτc, (3.15)
which is essentially equal to equation (3.14), except that the frequency ω ≈ 0. In the
equation (3.15), Bz also depends on dipolar interaction, for which the field is angle
dependent
Bz ∝ (3 cos2 θ − 1). (3.16)
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This interaction is efficient if the spins stay in fixed locations with reference to each
other, such as in solids or in highly organized structures like tendons and cartilage [46].
In liquids the angle dependent interaction tends to average to zero, a phenomenon from
which the name “motional narrowing” is derived in NMR spectroscopy.
3.2.3 Measurement of relaxation times
Relaxation time are most typically measured by means of a few standard pulse sequences.
The simplest possible measurement is a single-pulse - signal acquisition. In this experi-
ment, all the spins of the specimen are uniformly tilted to the transversal plane using so
called pi/2-pulse. Immediately after the pulse, the signal can be measured using a coil
wound around or on the surface of the sample. Magnetization precessing in the xy-plane
induces a measurable electromotive force (emf), signal called FID (free induction decay)
into the coil. The FID essentially follows the T2 curve, however, relaxation also includes
dephasing due to main field inhomogeneities. This relaxation process is described as T ∗2 :
1
T ∗2
=
1
T2
+
1
T ′2
, (3.17)
where T2 is the inherent T2 relaxation and T
′
2 is the relaxation due to inhomogeneities in
the main field.
Typically 1/T ′2 dominates relaxation behavior, however, the non-uniformity of the
main field can be corrected and the inhomogeneity-effects canceled with a pulse sequence
called “spin-echo”. In a spin-echo sequence, a second pulse after pi/2-pulse is applied, but
as a pi-pulse, which inverts the phase of the spins. The inversion cancels the dephasing
due to static inhomogeneities by evoking a re-focusing of the phase. Rephasing of the
spins forms an “echo” in the signal. The T2-processes steadily evolve during re-phasing,
leading to a decay of the signal. Differences between T ∗2 and T2-signals are further
elaborated in figure (3.1). The refocusing effect of pi-pulse applies for dephasing caused
T ∗2 T2
FID
pi/2 pi echo
t
Figure 3.1: T ∗2 and T2 relaxation. Only the envelope of the signal is depicted. The solid
line represents T ∗2 relaxation, while the dashed line shows the T2 relaxation. Pulses and their
relative locations are indicated.
by T ′2-decay, if the spins stay at the same location for the duration of echo forming. This
induces a diffusion dependency on the T2 signal, which, however can be mostly avoided
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by using a careful design of the pulse sequence. Using the spin-echo method, the received
signal follows the equation
S(TE) = S0e
−TE/T2 , (3.18)
where TE (time-to-echo) is the time from pi/2-pulse to the peak of the echo and S0 is a
constant that represents the equilibrium magnetization.
T1 relaxation time on the other hand is typically measured using a so-called “inversion
recovery (IR)” sequence. In inversion recovery, the magnetization is initially tipped 180
degrees, and after a certain time called the inversion time, the magnetization is prepared
for measurement using a 90 degree pulse. The signal that is received follows the equation
S(TI) = S0(1− ke−TI/T1), (3.19)
where S0 represents again the equilibrium magnetization and the constant k = 2 ac-
counts for the inversion of the magnetization from the equilibrium state and TI is the
inversion time. Another technique for the measurement of T1 relaxation time is called
saturation recovery (SR). For saturation recovery measurements, the signal follows the
same behavior (3.19), but with constant k = 1, because the magnetization is prepared
for measurement using a 90 degree pulse.
3.3 Contrast agents
The contrast between tissues and different regions in MR images is determined by the
differences in spin densities and relaxation properties in those regions. Often it is de-
sirable to enhance the differences (the contrast) between tissues or regions; relaxation
enhancing contrast agents can be used for this purpose. Contrast agents typically contain
paramagnetic metal ions packed in biochemically inert chelates, such as diethylenetri-
amine pentaacetic acid (DTPA). The contrast agents, which have significantly higher
magnetic moments than hydrogen atoms, provide an additional source of relaxation in
their vicinity and thus alter local T1 and T2 relaxation times [147]. The effectivity of a
contrast agent is given by its relaxivity ri, which essentially summarizes all the factors
affecting the relaxation rate per given concentration C of a contrast agent. Given an
initial relaxation time Ti,0, the shortened relaxation time is given by
Ri(C) ≡
1
Ti(C)
=
1
Ti,0
+ riC ≡ Ri,0 + riC (3.20)
where i = 1, 2, referring to T1 or T2. Alternatively the equation can be written
riC = ∆Ri, (3.21)
where ∆Ri is the change in the relaxation rate induced by the agent. The relaxivity r (in
[(mmol/l)−1sec−1]) is a property that depends both on the contrast agent and the tissue in
question [161]. In terms of concentration, the contrast agent affects T1 and T2 relaxation
in the same manner, though exceptions to this are known [133], and the relaxivity is most
likely different for T1 and T2. Paramagnetic ions that are typically used in NMR/MRI
studies are gadolinium, iron, manganese and chromium. In particular, gadolinium-based
chelates are widely used in clinical applications.
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3.4 NMR/MRI of articular cartilage
Several NMR applications for imaging and diagnosis of articular cartilage properties
and disorders have been investigated and proposed [19, 31, 32, 53, 57]. Many of these
methods possess a clear potential for diagnostic use, but, several of them still require
further investigation to ultimately assess their feasibility. As for any potential diagnostic
tool, detection of disorders during the earliest possible phase would be desirable. MRI
should be extremely useful for this purpose since it is a non-invasive method.
3.4.1 T 2 imaging of articular cartilage
T2 relaxation has been shown to sensitively indicate the three-dimensional arrangement of
the collagen fibrils [54, 55, 59, 107, 108, 110, 112, 115, 128, 132, 174, 175, 193] in articular
cartilage or other collagen-rich structures such as tendons. This relationship has been
established by reference with a classical technique - polarized light microscopy (PLM)
of the collagen fibrils. The relaxation time has also been shown to be sensitive to the
integrity of the collagen network [126]. The sensitivity has been attributed to the residual
dipolar coupling of the spins of collagen-associated water [46, 110, 115, 128, 148, 193],
providing a significant source of T2 relaxation in articular cartilage. The strength of
this dipolar interaction is orientation-dependent, following equation (3.15) and reaches
its minimum roughly at an angle of 54.7◦ (minimum of Bz in eq. 3.16) between the
static field and the axis of interacting protons, the so-called "magic angle", increasing
T2 relaxation time significantly. Additionally, T2 relaxation has been related to the
concentration of collagen [49, 108, 112] and the water content of tissue [94, 96, 112, 158]
though contradicting results have been published on its sensitivity for evaluating the
proteoglycan content [112, 126, 177].
Owing to the sensitivity to the fibril angle, T2 changes along cartilage thickness have
been reported to follow the changes in the preferential orientation of collagen fibrils in
the fibril network [54, 128, 193]. Should the cartilage samples be oriented with articular
surfaces perpendicular to the ~B0-field, the resulting laminar appearance in T2 maps or
in T2-weighted images approximately corresponds to the histological collageneous zones
(see 2.1.4): the superficial zone (orientation of collagen fibrils parallel to the articular
surface), the transitional zone (random fibril orientation) and the deep or radial zone
(fibrils perpendicular to the articular surface and perpendicular to the bone surface) [193].
More than three MRI laminae have previously been reported in young bovine patellar
cartilage [126, 128], humeral condyles of juvenile porcine cartilage and in the peripheral
area of the humeral head of young dogs [192]. These observations on the collagen network
were confirmed using PLM of the cartilage samples [142, 143, 192, 193]. This complex
laminar appearance, probably reflecting orientational changes in the collagen fibrils, has
been related to tissue immaturity [58, 128, 192] and structural differences arising from
varying load-bearing conditions within the joint [62]. However, preliminary studies of
depth-wise variation of T2 with aging and early symptomatic degeneration provided
promising results [113].
The values of T2 relaxation time in the typical tri-laminar type of articular cartilage
start from around 20–40 ms in the superficial zone, reach 50–120 ms in the intermediate
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zone of low anisotropy and fall to around 10–20 ms in the deep tissue [109, 111, 128,
192, 193].
Since spontaneous cartilage degeneration is known to involve a progressive disruption
of the collagen network [28], T2 measurements may provide a quantitative technique to
characterize the structural integrity of the tissue.
3.4.2 T 1 methods
Native T1 relaxation time in cartilage has received limited attention. The relaxation time
is known to change from less than 1 second at 0.5 T to about 1 second at 1.5 - 2.0 T
and to nearly 2 seconds at 9.4 T [13, 52, 93, 125]. It would be reasonable to assume that
the T1 relaxation time is related to the amount of water in tissue, but it is also affected
by the properties of macromolecular framework. At present, the role of native T1 in AC
has been overlooked and often T1 has been simply assumed to be constant.
A series of studies starting from an evaluation of the physicochemical background of
articular cartilage [101, 104, 171], through studies on properties of MR contrast agents
[41] has lead to the development of a specific T1-technique for articular cartilage: delayed
gadolinium enhanced MRI of articular cartilage (abbreviated as dGEMRIC) [11, 13, 14,
31, 33, 57, 79, 88, 91, 95, 125, 127, 164–168, 185, 186]. This technique is based on three
principles: 1) PGs of articular cartilage are mainly responsible for conferring a fixed
negative charge in articular cartilage, 2) Gd-DTPA2−-contrast agent also has a negative
charge and 3) is assumed to distribute in inverse proportion to the amount of PGs (or
GAG side chains) into cartilage. Subsequently, the change induced in T1 relaxation time
(or rate), according to equation (3.21), is linked to the fixed charge density (FCD) in
articular cartilage and thus to the PG content [13, 14, 101].
There are a number of ways of interpreting a dGEMRIC experiment. Presumably,
the most quantitative way is that providing an estimation of the GAG content [12, 14]:
[GAG] =
1
−2 · FCD · 502.5
g
mol
. (3.22)
The equation (3.22) assumes -2 moles of charge and a molecular weight of 502.5 g/mole
per disaccharide. Furthermore, the FCD in equation (3.22) can be calculated from the
dGEMRIC experiment by
FCD = 2[Na+]b
(√
[Gd− DTPA2−]t
[Gd− DTPA2−]b
−
√
[Gd− DTPA2−]b
[Gd− DTPA2−]t
)
, (3.23)
where concentrations in bathing solution (b) and in tissue (t) are either known or mea-
sured according to equation (3.21) [14]. A corrective factor of 2 was introduced to
equation (3.23), due to the consistent underestimation of FCD by 50% in dGEMRIC
experiments [14]. In many cases, however, it is more straightforward to either calculate
the concentration of the contrast agent, or simply to use the measured relaxation time
in the presence of the contrast agent, T1,Gd, which has been labeled as the “dGEMRIC
index” [51, 164, 184, 186]. Clinical experiments have demonstrated the feasibility of
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using dGEMRIC in patients with autologous chondrocyte transplants [51, 87, 169, 173]
and in patients with known OA of the knee [186] or hip [165].
One of the issues complicating the use of dGEMRIC is the diffusion of the contrast
agent into cartilage. For small in vitro-samples, an equilibrium was seen in Gd-DTPA2−-
penetration after 150 minutes [127] for cartilage discs without subchondral bone and after
about 125 minutes for radial penetration only [52]. However, equilibration for 12 hours
have also been used for cartilage of tibial plateaus [151]. For the clinical setup, the
concentration of the contrast agent reaches a dynamic equilibrium; both take-up and
washout of the agent happen simultaneously. Tiderius and colleagues studied the op-
timal time window for measurements, and found that the optimal delay in dGEMRIC
is about 2 hours [166]. In the same study, they also noted that for optimal contrast,
a double- or even triple-dose might be required. In a recent study, it was noted that
a short delay time differentiates more effectively between normal and degenerated car-
tilage, but displays a larger standard deviation [165]. However, in a recent contrast
enhanced cartilage tomography (CECT) study, diffusion times of over 20 hours were de-
termined until equilibrium was reached, although the Gd-DTPA2−-concentrations used
were significantly higher than those of typical dGEMRIC studies [74]. Furthermore, in
a recent study it was noted that the diffusion of contrast agent into cartilage continued
after 1.5 hours [183].
Measurement of the actual concentration of the contrast agent, as estimated from
T1 measurements [13, 14], may provide a parameter even more sensitive than T1,Gd for
assessing the GAG content of cartilage [127]. However, provided that the concentration
is determined according to equation (3.21), the relaxivity of the contrast agent should
be known [127]. To date, the most widely used assumption has been, that relaxivity
is unchanged throughout the cartilage depth and is equal to the relaxivity in saline
[41, 52, 127]. However, it has been shown that the relaxivity of Gd-DTPA2− depends
on the macromolecular environment, i.e. with a higher concentration of macromolecules
the relaxivity is higher [161]. Thus it may be assumed, that the relaxivity may change
throughout the depth of articular cartilage since the macromolecular content in articular
cartilage is known to increase towards the deep tissue [144]. Another factor affecting the
calculation of the concentration of the contrast agent is the native T1 relaxation time,
i.e. the relaxation time without the contrast agent. In dGEMRIC experiments, native
T1 is frequently assumed to be constant [14]. However, for a reliable estimation of PG
content, it may be necessary to determine the actual value of T1 [172].
3.4.3 Other quantitative methods for articular cartilage
Several other MR techniques have also been applied to articular cartilage. One of the
most widely studied parameters is T1ρ relaxation time, relaxation time in the rotating
frame of reference, i.e. the relaxation occurring in ~B1 field during a spin-lock pulse [21,
44, 152, 155]. In a T1ρ- or spin-lock-experiment, the magnetization or spins are “locked” to
the xy-plane using a continuous RF-pulse, after the 90 degree pulse. During the locking,
spins relax along the ~B1SL field. Since the field strength of ~B1SL is significantly smaller
than ~B0, the processes affecting T1ρ are characterized by slower molecular motion than
those affecting T1. T1ρ enables measurement of low-field detectable relaxation processes
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at the SNR of a markedly higher field. One additional benefit of using T1ρ measurements
is the fact that the field strength and thus the sensitivity can be varied through changing
the spin-lock power. However, due to the requirement of long RF pulsing, the specific
absorption rate (SAR) may be high enough to evoke tissue heating. Nevertheless, a
method applying varying spin-lock powers has been proposed to reduce the SAR values
[178].
The sensitivity of T1ρ to PGs in articular cartilage has been demonstrated [3, 44]
and later shown to assess longitudinal changes in PG content [3, 43, 181]. The FCD in
cartilage has also been related to T1ρ [180], and then subsequently also to the biome-
chanical properties of cartilage [182]. Another study showed a general sensitivity of T1ρ
to macromolecular properties of articular cartilage, without detecting high specificity to
any single component [108]. T1ρ has also been applied to assess cartilage properties in
vivo [137, 138], PG content in vivo and signs of early degeneration [140].
Other quantitative MR methods for the assessment of cartilage properties include
23Na-MRI [22, 67, 136, 157, 179], magnetization transfer (MT) [17, 56, 63, 78, 139, 162,
188] and diffusion imaging [39, 40, 48, 106, 111, 189]. Even though these specific methods
could theoretically provide valuable insights to many important properties of articular
cartilage, the main problem has been their poor signal to noise ratio (SNR).
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Chapter IV
Aims of the present study
Several magnetic resonance imaging parameters have been developed as potential mark-
ers of cartilage degeneration and/or as markers of cartilage structural and functional
properties. The dGEMRIC method has been proposed and validated for estimation of
PG content in articular cartilage while T2-measurements have been shown to be sensitive
to the structural properties of the collagen fibril network. Both techniques have their
strengths, but there are also several open issues.
This thesis aimed at further advancing these methods; to investigate the relationships of
these parameters with the structural and functional properties of articular cartilage in
vitro, with specific aims
• to characterize the dependency of T2 relaxation time and dGEMRIC on the degen-
erative status of articular cartilage, and to study the relationship between these
parameters and mechanical and structural properties of articular cartilage
• to study the ability of T2-measurements to characterize structural properties of
different phenotypes of cartilage of different stages of maturation
• to investigate the effect of different species and stages of tissue maturation on
relaxation properties and their ability to serve as surrogate markers for mechanical
properties
• to investigate the depth dependent concentration of Gd-DTPA2− in articular carti-
lage using dGEMRIC and cryo-cell laser ablation inductively coupled plasma mass
spectrometry and to compare these results to the cartilage PG content as estimated
by optical density measurements.
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Chapter V
Materials and methods
The material of this work consists of three different sample sets, used in the four (I–
IV) studies. The material, preparation procedures and handling are summarized and
described in the following sections, together with the measurement methods used.
5.1 Sample preparation
In most experiments, animal cartilage was used in these studies. Bovine and porcine
knee joints were obtained from the local abattoir (Atria Oyj, Kuopio, Finland). All the
animal joints were opened within about five hours post mortem. In study I, different
specimens representing intact to spontaneously degenerated bovine patellar cartilage
were evaluated. In studies II and III, mature human cartilage and bovine and porcine
cartilage at different maturational states were studied. In study IV, different locations
from bovine knee joint were analyzed. (Table 5.1 and Figure 5.1) Depending on the study,
the preparation of the samples varied slightly. In all studies, however, the samples for
MRI were eventually 4-mm full thickness cartilage discs without the subchondral bone.
The samples were either directly prepared from the intact cartilage surface, or included
coring a cylindrical cartilage-bone plug prior to the detachment of cartilage from bone.
In all studies, the samples experienced one to two freeze-thaw cycles before imaging and
other measurements [77, 92]. Sample processing in different studies is described more
carefully in the following paragraphs and Table 5.1.
In study I, cylindrical osteochondral blocks (dia. = 19 mm, n = 32) were prepared
and stored in a freezer (−20◦C) for two weeks prior to further processing. Two adjacent
cylindrical full thickness cartilage discs (dia. = 4 mm) without subchondral bone were
prepared for MRI measurements and mechanical testing. The samples were punched with
a biopsy punch and carefully separated from subchondral bone with a razor blade. The
adjacent tissue was used both for histological analyses and biochemical measurements.
All MRI samples were immersed in phosphate buffered saline (PBS) containing protease
inhibitors (5 mM ethylenediaminetetraacetic acid (EDTA)(Riedel-de-Haen, Seelze, Ger-
many) and 5 mM benzamide HCl (Sigma Chemical Co., St. Louis, MO, USA)), and
frozen at −20◦C for three months prior to the measurements.
In studies II and III, non-arthritic human cadaver knee joints (n = 12, age = 20
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Table 5.1: Material used in the studies
Study Study I Studies II & III Study IV
Samples bovine (age ≈ 18-24 months)
intact (n = 8)
mildly degenerated (n = 15)
degenerated (n = 9)
human (age 22-78 years, n =
12), bovine (age 18-36 months,
n = 12) and porcine (age ≈ 4
months, n = 11), all
visually normal
bovine (age 18-25 months, n =
20)
visually normal
Sites PAT PAT PAT, MC, MTP and LPG
Parameters T1, T2 and dGEMRIC T2 (II), T1 and dGEMRIC (III) T1 and dGEMRIC
Reference Mechanical testing
OD
biochemical measurements
Mechanical testing
OD
polarized light microscopy
OD
CC-LA-ICP-MS
microscopy
CC-LA-ICP-MS cryo-cell laser ablation inductively coupled plasma mass spectrometry
OD optical density, PAT patella, MC medial condyle, LPG lateral patellar groove, MTP medial tibial plateau
– 78 years) were obtained within 48 hours post mortem from the Jyväskylä Central
Hospital, Jyväskylä, Finland with the permission from the national authority (National
Authority for Medicolegal Affairs, Helsinki, Finland, permission 1781/32/200/01). In-
tact bovine (n = 12, age = 1 – 3 years) and porcine knee joints (n = 11, age about 4
months) were obtained from the local abattoir (Atria Oyj, Kuopio, Finland). For all
samples, an osteochondral plug (diameter = 16 mm) was harvested from the lateroprox-
imal patella, immersed in phosphate buffered saline (PBS) containing enzyme inhibitors
(5 mM ethylenediaminetetraacetic acid (EDTA) (Riedel-de-Haen, Seelze, Germany) and
5 mM benzamide HCl (Sigma Chemical Co., St. Louis, MO, USA)), and were frozen at
-20◦C. For mechanical testing, a 4-mm full-thickness cartilage disc without subchondral
bone was detached from each block. After immediate mechanical testing, the samples
were frozen again, prior to the MR imaging. The adjacent tissue from the osteochon-
dral core was used for microscopical evaluation. In these studies, all the samples were
subjected to two freeze-thaw cycles before MRI measurements.
In study IV, cylindrical full-thickness cartilage plugs (dia. = 4 mm) without subchon-
dral bone were prepared from four different locations of a bovine knee: lateroproximal
patella (PAT, n = 7), lateral patellar groove (LPG, n = 4), medial tibial plateau (MTP,
n = 4) and medial condyle (MC, n = 4). All the prepared specimens were immersed
in phosphate buffered saline (PBS, Euroclone, Pero, Italy) and frozen immediately at
-20 ◦C prior to measurements. Prior to imaging, the samples were thawed, and small
pieces from the edge of the disc were cut for Safranin-O-staining and subsequent digital
densitometry. After MR imaging, the remaining sample was further processed by cutting
the central portion (MR imaged area) of the sample for CC-LA-ICP-MS analysis and
further for cell-counting.
5.2 MRI measurements
All the imaging was conducted in a 9.4 T vertical bore magnet (Oxford Instruments
Plc., Witney, UK) at room temperature (25 ± 1 ◦C), using a SMIS console (SMIS Ltd.,
Surrey, UK). Depending on the particular study design, the handling of the samples
and immersion procedures varied. Generally the samples were imaged in PBS prior
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Polarized light microscopy
Digital densitometry
Magnetic resonance imaging
CC-LA-ICP-MS
Optical microscopy
I-IV
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IV
Figure 5.1: Sample preparation. In studies I–III, samples from upper lateral quadrants of
patellae (PAT) were prepared. Although the process involved coring an osteochondral block,
the final samples were full-thickness cartilage discs of 4-mm diameter. The disc adjacent to the
MRI evaluated disc was used for polarized light microscopy. From the samples that underwent
imaging, a small cut was taken, serving both as a landmark and sample for digital densitometry.
In study IV, samples were also collected from medial tibial plateaus (MTP), medial femoral
condyles (MC) and lateral facets of patellar groove (LPG). In study IV, the samples that
underwent imaging, were further processed for localized ICP-MS analysis of gadolinium and for
optical microscopy.
to contrast agent equilibration. For all measurements, a saturation recovery spin echo
sequence was used for T1 mapping and a single echo spin echo sequence for T2 mapping,
with a slice thickness of 1 mm, 10-mm field of view (FOV) and 256x64 matrix (details
on differing parameters are given in table 5.2).
For measurements with Gd-DTPA2− (Magnevist, Schering, Berlin, Germany), the
samples were always equilibrated for a minimum of 2.5 hours in PBS solution containing
a specified concentration of the contrast agent [127] before the imaging was repeated.
In all MR experiments presented in this study, the samples were placed in a 5-mm test
tube, which was then positioned inside a high-resolution transmit/receive probe (dia. =
5 mm, coil length ∼ 12 mm Varian Associates Inc., Palo Alto, CA, USA). Furthermore,
the test tube was placed in the coil so that the samples were located axially in the center
of the coil and the surface-normals of the samples were aligned with the main field. The
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Table 5.2: Parameters for MRI sequences used in different studies. TE and TR given as
labeled for sequences measuring T1 and separately indicated for T2 measurement.
Parameter Sequence TE TR Averages
Studies I-III
T1 SR 14 ms 200, 500, 1000, 1500, 2600, 5000 ms 8 avg
T1,Gd SR 14 ms 100, 300, 500, 800, 1200, 1500 ms 8 avg
T2 SE (TR) 2500 ms (TE) 14, 24, 34, 44, 64, 84 ms 6 avg
Study IV
T1 SR 14 ms 200, 400, 700, 1400, 2600, 5000 ms 6 avg
T1,Gd SR 14 ms 100, 170, 300, 500, 900, 1500 ms 6 avg
SE Spin Echo (single echo)
SR Saturation recovery
T1,Gd measurement of T1 in the presence of Gd-DTPA
2−
slices were imaged from the centers of the samples with depth-wise in-plane resolution
of 39 µm.
5.2.1 T 1 measurements
The measurements were conducted using the parameters detailed in the text and table
5.2. Shorter TRs were used with the contrast agent due to the reduced relaxation
times. Maps of relaxation time were calculated using non-linear, mono-exponential,
two-parameter fitting to the equation (3.19), with k = 1 according to SR experiment
(MATLAB, MathWorks Inc., Natick, MA, USA). From the relaxation time maps, depth-
wise relaxation time profiles were determined by averaging columns across the cartilage
depth. In studies I and III, the profiles were defined to be 7 pixels (approx. 1 mm) and
3 pixels wide (approx. 0.5 mm), whereas in study IV, the signal to noise ratio (SNR)
was maximized by selecting largest possible number of columns for each sample (approx.
2.3 mm) without compromising homogeneity.
5.2.2 T 2 measurements
T2-relaxation time was mapped according to the details presented above. The sensitivity
to magic angle conditions was systematically equalized over the measurements by aligning
the sample surfaces so that they were perpendicular to the main field, as described
above. For T2, the relaxation time maps were calculated by means of mono-exponential
two-parameter fitting to the equation (3.18) (MATLAB). Furthermore, the depth-wise
relaxation time profiles were calculated by averaging 3-pixel wide columns to ascertain
equal orientation and to avoid any possible artefacts, while increasing the SNR.
5.2.3 dGEMRIC
In studies I, III and IV, the method was used for the assessment of PGs in articular car-
tilage. In all these studies, the spatial concentration of the contrast agent Gd-DTPA2−
was calculated according to equation (3.20). In each case, all parameters except re-
laxivity were separately measured. The relaxivity of Gd-DTPA2− in articular cartilage
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was assumed to equal the relaxivity of Gd-DTPA2− in saline and the values used in
calculation were taken from [127] (Study I) or determined separately (Study IV). The
concentration of the contrast agent
[Gd− DTPA2−] = 1
r
(
1
T1,Gd
− 1
T1
)
(5.1)
was then calculated using relaxivity values of r = 3.74 mM−1s−1 taken from [127] and
r = 4.6 mM−1s−1 (Study IV).
5.3 Reference methods
5.3.1 Mechanical testing
The mechanical properties of the samples were determined in studies I and III using
a custom made high resolution material testing device (load cell with resolution of 5
mN (Sensotec, Columbus, OH, USA) and a precision motion controller with 0.1 µm
resolution (Newport, Irvine, CA, USA)). The mechanical properties were measured in
unconfined compression geometry. Young’s modulus, i.e. equilibrium modulus (Eeq) was
determined with a stress-relaxation experiment (10% prestrain followed by 10% strain
with 2 mm/s ramp velocity and 40 minutes of relaxation). This test was followed by
a 1.0 Hz dynamic loading experiment (sinusoidal strain amplitude 1%), to determine
the dynamic modulus (Edyn). Young’s modulus was determined from the stress-strain
ratio at equilibrium, whereas the dynamic modulus was determined as the stress-strain
amplitude ratio in the dynamic test. [170]
5.3.2 Histological analyses
A small cut of tissue from the original MRI sample (that served as a landmark in each
study) was used for the determination of the cartilage PG content by means of digital
densitometry in studies I and IV. The piece was embedded in paraffin and cut into
3-µm-thick microscopic sections using a cryomicrotome [81]. This technique is based on
the use of the cationic safranin-O dye that binds stoichiometrically to GAG polyanions
of PGs [82]. Optical density, which is related to the intensity of the staining and thus
to PG content, was determined for the sections with a computer controlled imaging and
analysis system by measuring the absorbance of monochromatic light (λ = 492 ± 5 nm)
[130]. The OD (absorbance) was calculated using a calibration curve measured using
known neutral density filters [130] (all studies).
Prior to grading of the histological tissue integrity, the samples were blind coded
and randomized. Subsequently, histological grading of safranin-O stained microscopic
sections was conducted according to the Mankin scoring method [100] by three individual
observers and the final score was determined as a mean value rounded to the closest
integer. Briefly, the Mankin score consists of grades for qualitative PG content, cartilage
structure (surface), chondrocytes and tidemark integrity (score 0 for normal and 14 for
severely degenerated. Tidemark integrity, however, was not evaluated, yielding a range
0–10).
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In study IV, the section-surface cell density was evaluated to determine whether
there was any correspondence between the depth-wise cell density variation and the
amount of contrast agent diffusing into the cartilage. The depth-wise cell density was es-
timated using 5 µm-thick frozen sections cut from the samples that were imaged by other
methods. The sections were stained for two minutes (120 s) with hematoxylin (Merck,
Darmstadt, Germany) to only visualize the nuclei. The samples were then imaged with a
computer-controlled CCD camera (CoolSNAP, Roper Scientific Photometrics, Trenton,
NJ) coupled to a Nikon Microphot-FXA light microscope (Nikon, Tokyo, Japan) with
a 4x objective. From the recorded images, 1.0 mm-wide image columns were cropped,
thresholded to show only the nuclei, and analyzed by automatic particle counting with
ImageJ software (ImageJ 1.37v, http://rsb.info.nih.gov/ij/, NIH, USA). To assess the
depth-wise changes in the density of cells, the tissue height was divided into 10 equally
sized regions of interest (ROIs), and the number of cells was determined in each ROI.
5.3.3 Biochemical analyses
In studies I and IV, the bulk water content was measured from pieces of tissue adjacent
to the samples studied with MRI. The procedure consisted of weighing the wet samples
after gently blotting of excess water and weighing the dry samples after lyophilization for
72 hours. The wet weight was measured three times by repeating the process of soaking
the sample in PBS, blotting excess water and weighing the sample and then the average
of the three values was calculated. The water content was determined as the ratio of the
water weight (wet-dry) to wet sample weight.
In study I, both the PG content and collagen content were estimated biochemically.
PGs were extracted from the freeze-dried, moistened sample blocks [150] and subse-
quently the uronic acid content was quantified from the extracted infusion and residual
tissue as described previously [20]. The bulk uronic acid content was calculated as the
sum of the two quantified values normalized by the wet weight of the tissue [170]. To
estimate the collagen content, a spectrophotometric assay for hydroxyproline was per-
formed after hydrolysis of the freeze-dried tissue [154]. Hydroxyproline contents were
normalized with both the wet and the dry weights of the samples [170].
5.3.4 Polarized light microscopy
To study the structural properties of the collageneous network, polarized light microscopy
(PLM) of the collagen network was used in studies I and II. The samples were fixed in
formalin and embedded in paraffin and then cut into three 5-µm-thick microscopical
sections in two randomized orientations, as described previously [80, 128]. For each
sample, these six sections were imaged and averaged to minimize errors due to varying
fibril properties. PLM measurements were conducted on a Leitz Ortholux BK-2 polarized
light microscope (Leitz Messtechnik GmbH, Wetzlar, Germany) equipped with a cooled
12-bit CCD camera (Photometrics SenSys, Roper Scientific Inc., Tucson, AZ, USA),
a monochromatic light source (λ = 594 ± 3 nm), a pair of motor-controlled crossed
polarizers [141] and a 6.3x strain free objective. The setup yielded a pixel resolution of
8.9 µm.
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To determine collagen anisotropy and fibril angle, each section was imaged at multiple
orientations of the crossed polarizers (0, 15, 30, 45, 60, 75, 90◦ and 90◦ with a λ/4-
retardation plate) [35, 141]. The fibril angle was determined from the orientation angle
of the optical ellipse as calculated from the Stokes’ parameters [15, 35]. The degree
of tissue anisotropy, i.e. index for parallelism of fibrils, was calculated as the ratio of
intensity minimum and maximum, both taken from the least squares-fit of intensity
vs. rotation angle curve [141]1. In contrast to optical retardation or birefringence [8],
anisotropy is a parameter that quantifies true parallelism of fibrils, not the general optical
activity of fibrils [141].
5.3.5 Cryo-cell laser ablation ICP-MS
In study IV, the samples were frozen in 1.0 mM Gd-DTPA2− solution after MR imaging
in order to evaluate the spatial gadolinium content of the samples. From the centers of
the samples (the same region that was imaged), 100 µm-thick sections were freeze-cut for
cryo-cell LA-ICP-MS (CC-LA-ICP-MS) analysis [45]. The depth-wise concentration of
Gd-DTPA2− was measured using localized laser ablation and subsequent ICP-MS anal-
ysis of the ablated microparticles [64]. Gadolinium was detected from the microparticles
generated and carried to the mass spectrometer with a carrier-gas. For the quantifica-
tion of the Gd-DTPA2− concentration, there was an initial calibration using different
concentrations of Gd-DTPA2− (0–5 mM) in agarose gel (5% weight) samples, prepared
and measured identically to cartilage samples. With this procedure, the linearity of
the relationship between [Gd-DTPA2−] and the mass spectrometer reading was estab-
lished. Subsequently, for each individual measurement session, the gadolinium concen-
tration measurement was calibrated using a single agarose sample containing 5.0 mM
Gd-DTPA2−. The laser ablation speed was 6 µm/s with a 15-µm spot-size and a 10 Hz
repeat rate. Together with the output rate of the mass spectrometer, these parameters
yield a spatial resolution of 5.61 µm for the localized analysis of Gd-DTPA2−.
5.4 Data analysis
To combine and compare the data from different imaging modalities, depth-wise profiles
from different modalities were either scaled to normalized depth (0-articular surface, 1-
bone interface, studies I to III) or linearly interpolated to 10 µm spatial resolution (study
IV) and truncated from the deep tissue to the shortest profile length, in a sample-wise
manner. These were then further averaged to site-wise profiles in study IV. Bulk values
of each parameter were calculated as the mean value of these profiles.
5.4.1 Cartilage quality index
In study I, a theoretical score to assess tissue quality was used [124]. This score, which
was termed the cartilage quality index (CQI), was intended to assess the quality of
1Briefly, the parallelism index has its maximum for highly organized tissue and its minimum for
randomly organized or isotropic tissue. I.e. for tissue with a high level of organization, the ratio of
signal maximum and minimum will be large, whereas for isotropic tissue, the ratio of maximum and
minimum will be small (optimally 1 for isotropic tissue).
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the cartilage tissue as objectively as possible. The score consisted of four subscores
(mechanical, histological and biochemical properties) each ranging from 0 to 10, with 0
standing for intact tissue and 10 for severely degenerated. The subscores i.e. SEeq , SEdyn,
SH2O and Shist for each category were defined as
SEeq =
{[
10
(
1− Eeq
0.55MPa
)]
int
, 0 ≤ Eeq ≤ 0.55MPa
0 , Eeq > 0.55MPa
(5.2)
SEdyn =
{
[10(1− Edyn
12MPa
)]int , 0 ≤ Edyn ≤ 12MPa
0 , Edyn > 12MPa
(5.3)
SH2O =


0 , CH2O < 75%[
10
(CH2O−75%)
15%
]
int
, 75% ≤ CH2O ≤ 90%
10 , CH2O > 90%
(5.4)
Shist =
{
SMankin , 0 ≤ SMankin ≤ 10
10 , SMankin > 10
, (5.5)
where operation [·]int is rounding to the nearest integer, SEeq is the score for Young’s
modulus, SEdyn is the score for dynamic modulus, SH2O is the score for water content
(CH2O) and SMankin is the Mankin score of the sample. CQI is defined as the sum of
subscores
CQI = SEeq + SEdyn + SH2O + Shist, (5.6)
and yields values between 0 and 40, i.e. a perfectly intact cartilage and a severely
degenerated sample obtain scores 0 and 40, respectively. In study I, the samples were
divided into three equally spaced groups according to their CQI: normal samples (n =
8, CQI = 0–13), samples with early degeneration (n = 15, CQI = 14–26) and samples
with advanced degeneration (n = 9, CQI = 27–40).
5.4.2 Analysis of the laminar structure
For both anisotropy and T2-profiles, the depth of each lamina-boundary was determined
using a method adapted from Xia et al [193]. The boundary between two histological
zones (see 2.1.4) was determined as the one-sided half-maximum point of the profile
under analysis. For a typical tri-laminar T2-profile, the first boundary is determined
as the location of the left-side half-maximum value from the T2 peak and the second
boundary as the location of the right-side half-maximum value. A user-assisted semi-
automatic analysis program was designed for this purpose in MATLAB.
5.5 Statistical analyses
To test statistical differences between degenerative stages (study I), between species or
zones in tissue (II, III) or between different sites in a joint (IV), the Kruskal-Wallis
post hoc test was applied, taking into account the multiple comparisons. Correlations
between different parameters were calculated as linear Pearson correlation coefficients
for continuous parameters and as Spearman’s correlation coefficients for Mankin-score
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or CQI. Both correlation analysis and Kruskal-Wallis testing were applied for bulk
values of the parameters. In study II, the agreement of two methods for determining
histological zones in cartilage (T2-based vs. PLM-based) was evaluated using a Bland-
Altman plot [18]. Briefly, the plot reveals whether there are any systematic differences
or non-linearities between the methods [18].
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Chapter VI
Results
6.1 MRI and degenerative status of articular cartilage
In study I, degenerative changes in a sample group of 32 bovine patellar samples were
evaluated by means of the CQI classification scheme. The CQI range from 0 to 40 was
divided into three categories; those samples with a score 0–13 were classified as normal
(n = 8), with a score 14–26 as early degeneration (n = 15) and with a score 27–40 as
advanced degeneration (n = 9).
The reference parameters (mechanical, biochemical and histological properties) dis-
played a statistically significant difference between the degenerative groups (Table 6.1).
The MR parameters (Table 6.2) of the degenerative groups are further detailed below.
T2, T1 and T1,Gd relaxation time showed significant changes with degeneration.
Table 6.1: Mean values (± SD) for reference parameters of normal samples and samples with
early or advanced degeneration.
Normal (n = 8) Early (n = 15) Advanced (n = 9)
Young’s modulus (MPa) 0.40 ± 0.11 0.24 ± 0.12 0.06 ± 0.03
Dynamic modulus (MPa) 9.74 ± 2.83 1.63 ± 0.48 0.44 ± 0.20
H2O (%) 79 ± 2 82 ± 1 84 ± 3
Bulk OD (au) 1.56 ± 0.16 1.29 ± 0.21 0.88 ± 0.18*
PG (µg/ml) 12.17 ± 2.01 6.24 ± 0.79* 3.95 ± 1.19*
Collagen wet (µg/mg) 12.94 ± 2.28 7.95 ± 1.09* 6.57 ± 1.01*
Collagen dry (µg/mg) 47.37 ± 6.67 39.22 ± 5.74* 36.54 ± 2.98*
CQI 7.5 ± 4.3 20.4 ± 2.6 32.0 ± 2.8
*Statistical difference (p < 0.05) compared to normal group (Kruskal-Wallis post hoc test).
Young’s modulus, dynamic modulus, water content and Mankin score were not analyzed
statistically because they were used in the classification of the samples.
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Table 6.2: Mean values (± SD) of MRI parameters for the normal samples and the samples
with early and advanced degeneration. Superficial (Sup.) tissue is defined as the first two pixels
from the corresponding profile (approx. 78 µm) and bulk as the average of the profile.
Normal (n=8) Early (n=15) Advanced (n=9)
Sup. T2(ms) 46 ± 15 61 ± 52 128 ± 109*
Bulk T2(ms) 46 ± 6 36 ± 7* 59 ± 34
Sup. T1(ms) 1524 ± 57 1535 ± 121 1744 ± 183*
Bulk T1(ms) 1461 ± 119 1495 ± 66 1615 ± 162*
Sup. T1,Gd(ms) 301 ± 28 284 ± 22 256 ± 24*
Bulk T1,Gd(ms) 405 ± 47 376 ± 25 316 ± 64*
Sup. [Gd] (mM) 0.72 ± 0.09 0.77 ± 0.08 0.90 ± 0.10*
Bulk [Gd] (mM) 0.50 ± 0.09 0.54 ± 0.05 0.72 ± 0.18*
*Statistical difference (p < 0.05) compared to normal group (Kruskal-Wallis
post-hoc test).
6.1.1 Changes in T2 relaxation time
Changes in T2 relaxation time were evident with increasing degeneration (Figure 6.1).
Samples with no signs of degeneration exhibited a well-defined tri-laminar appearance,
while samples with increasing degeneration revealed increasing T2 relaxation times with
a less well defined laminar appearance. The average T2-profiles from each degenerative
group (Figure 6.4a) revealed how the progressive degeneration affected the depth-wise
T2 relaxation time, especially in the superficial part of the tissue.
Bulk T2 values showed statistically significant changes between the normal samples
and the samples with early degeneration, whereas superficial T2 indicated significant
differences between the normal samples and those with advanced degeneration.
6.1.2 Changes in T1 relaxation time
Native T1 relaxation time displayed a slight increase with advanced degeneration (Figures
6.2 and 6.4b), also evident in the bulk values (Table 6.2). Native T1-values ranged from
1370 ms to 1930 ms. T1,Gd showed an increasing shortening in samples with advanced
degeneration (Figures 6.3 and 6.4c). T1,Gd relaxation times ranged from 250 ms to 470
ms. A statistically significant decrease in both bulk and superficial T1,Gd values was
seen between normal samples and the samples with advanced degeneration. T1 and T1,Gd
exhibited significant correlations with CQI, mechanical properties, optical density and
biochemical properties. The highest correlations were revealed between the superficial
T1,Gd and bulk OD (R = 0.694) and between bulk T1,Gd and CQI. Native T1 correlated
negatively with the bulk OD (R = −0.635 and R = −0.582 for superficial and bulk T1,
respectively).
The equilibrium modulus of the tissue was found to correlate with both T1 and
T1,Gd, most significantly with bulk T1,Gd (R = 0.625). The dynamic modulus correlated
significantly with both superficial and bulk T1,Gd (R = 0.550 and R = 0.498), but non-
significantly with the native T1. Furthermore, superficial T1,Gd correlated significantly
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Figure 6.1: T2-maps and corresponding depth-wise profiles of representative samples showing
no cartilage degeneration (◦), early degeneration () and advanced degeneration ().
with collagen content (R = 0.526 and R = 0.427 for wet and dry collagen content,
respectively).
Depth-wise Gd-DTPA2− concentration profiles were calculated according to equation
(5.1), using measured pre- and post-contrast T1 relaxation times and a relaxivity value
of saline, i.e. r1 = 3.74 mM
−1s−1 [127]. Average concentration profiles are shown in
figure (6.4d). Changes in the amount of contrast agent accumulating in the tissue were
also statistically significant between the normal and advanced degenerated samples.
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Figure 6.2: T1-maps and corresponding depth-wise profiles of representative samples showing
no cartilage degeneration (◦), early degeneration () and advanced degeneration ().
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Figure 6.3: T1,Gd-maps and corresponding depth-wise profiles of representative samples show-
ing no cartilage degeneration (◦), early degeneration () and advanced degeneration ().
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6.2 Effect of composition and structure on MRI properties
In studies II and III, the effect of cartilage composition and structure in samples from
three different species (human, bovine and porcine) was investigated. The human sam-
ples were all of mature cartilage (age over 22 years), whereas the animal samples had
varying levels of maturity (porcine samples were approximately 4 months and bovine
specimens 1-3 years). After the initial classification, the samples with varying structural
properties were divided into six groups: human with three T2 laminae (n = 12), porcine
samples with three (n = 7) or five (n = 4) laminae and bovine samples with three
(n = 8), five (n = 3) or seven (n = 1) laminae (Figure 6.5).
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Figure 6.5: Representative samples from each group showing the profile characteristics that
were detected and used for classification: a) human sample, three laminae, b) porcine sample,
three laminae, c) porcine sample, five laminae, d) bovine sample, three laminae, e) bovine
sample, five laminae and f) bovine sample, seven laminae. The detected boundaries between
laminae are shown with vertical dashed lines.
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Figure 6.6: Representative T2, anisotropy and fibril angle maps for a) human samples, b)
porcine samples with three laminae, c) porcine samples with five laminae, d) bovine samples
with three laminae, e) bovine samples with five laminae and f) bovine sample with seven laminae.
The spatial variation of T2 followed closely that of anisotropy, with T2-maxima ob-
served at fibril angles approximately at the magic angle (Figure 6.6). Direct compar-
ison to anisotropy showed an inverse relationship with T2: the correlation coefficients
between T2- and anisotropy profiles were R = −0.79 ± 0.11, R = −0.78 ± 0.16 and
R = −0.67 ± 0.25, for human, bovine and porcine samples, respectively. After pooling
the data from all samples, 44% of the variations in T2 appearance could be explained by
the collagen anisotropy (R2 = 0.44, p < 0.0001).
A high linear correlation between the zone thicknesses from T2 and anisotropy was
revealed (correlation coefficients for all laminae were R = 0.91, R = 0.95 and R = 0.91
for human, bovine and porcine samples, respectively). Concomitantly, the correlation
between the zone locations determined from T2 and anisotropy (R = 0.92 for all species
pooled, Figure 6.7a) was statistically significant. The Bland-Altman plot revealed the
agreement of the techniques in determining the depth of zone/lamina location in the
present measurement geometry (Figure 6.7b).
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Figure 6.7: Linear correlation (a) and Bland-Altman plots (b) for the locations of lamina
boundaries as determined by T2 and anisotropy profiles. The two dashed lines in (b) are ±2
SD.
T1 relaxation time showed slight changes depending on the tissue type (Figure 6.8).
For T1 and T1,Gd, only changes among species were studied, disregarding structural
changes that were not similarly evident in T1-maps. Average T1,Gd relaxation time pro-
files showed a minor depth-wise variation, whereas the depth-wise average T1 relaxation
time displayed a different appearance for porcine samples (Figure 6.8).
Bulk T2 relaxation time showed an increasing trend from human samples to bovine
specimens and further to porcine samples (Table 6.3). Equilibrium modulus ranged from
0.19 to 0.96 MPa in human samples, from 0.32 to 0.97 MPa in bovine samples and from
0.35 to 1.16 MPa in porcine samples; dynamic modulus from 0.85 to 8.42 MPa in human,
from 1.91 to 25.06 MPa in bovine and from 4.79 to 22.87 MPa in porcine samples (Table
6.3). Statistically significant differences were detected between the porcine and human
samples in these three parameters. On the other hand, T1 relaxation time and T1,Gd
relaxation time showed a trend towards smaller values from human to bovine to porcine
samples, although the differences detected were not statistically significant (Table 6.3).
A significant negative linear correlation was observed between the equilibrium stiff-
ness and T1 (R = −0.657, p < 0.05) or T2 (R = −0.712, p < 0.01) relaxation time in
human samples, while no correlation between the dynamic stiffness and MR parameters
was detected. In contrast, for bovine samples, a significant positive linear correlation
between T2 and dynamic stiffness and for porcine samples, a negative linear correlation
between T1 and dynamic stiffness were observed (R = 0.879, p < 0.01 for bovine and
R = −0.615, p < 0.05 for porcine).
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Table 6.3: Values ±SD of MR and mechanical parameters for different species. Porcine samples
displayed statistically significant differences as compared to human samples.
T1 (ms) T2 (ms) T1,Gd (ms) Eeq (MPa) Edyn (MPa)
Human (n = 12) 1640 ± 357 37 ± 7 456 ± 68 0.53 ± 0.25 4.47 ± 2.22
Bovine (n = 12) 1583 ± 321 41 ± 9 451 ± 836 0.61 ± 0.18 10.00 ± 7.13
Porcine (n = 11) 1525 ± 305 50 ± 7∗∗ 445 ± 71 0.85 ± 0.25∗ 16.32 ± 5.18∗∗
*Statistical difference (p < 0.05) as compared to human, ** (p < 0.01) (Kruskal-Wallis post hoc
test).
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6.3 Concentration of Gd-DTPA2− in articular cartilage
In study IV, the spatial concentration of Gd-DTPA2− in the samples was evaluated using
dGEMRIC and CC-LA-ICP-MS method to investigate their relationships. These were
further compared to the PG content measurements assessed by OD in samples from
different anatomical sites of bovine knee joint, i.e. upper lateral quadrant of patella
(PAT, n = 7), lateral facet of patellar groove (LPG, n = 4), medial femoral condyle
(MC, n = 4) and medial tibial plateau (MTP, n = 4).
The CC-LA-ICP-MS method for the evaluation of the Gd-concentration was cal-
ibrated using a set of Gd-DTPA2−-loaded 5%-agarose gel samples. Calibration con-
centrations contained 0.0, 0.1, 0.25, 0.5, 1.0, 2.5 and 5.0 mM of Gd-DTPA2−. The
calibration data showed a linear increase in mass spectrometer counts with increasing
phantom concentrations (Figure 6.9). For practical reasons, only one phantom of 5.0 mM
Gd-DTPA2− could subsequently be used in each measurement to convert the measured
signal to Gd-DTPA2−-concentration of the sample. The calibration data for CC-LA-
ICP-MS displayed a strong linear relationship between the mass spectrometer count and
Gd-DTPA2− concentration (R = 0.996, p < 0.001) (Figure 6.9).
The SD values in Figure (6.9) were assumed to represent the characteristic measure-
ment errors in cartilage. To reveal how this experimental uncertainty propagates to the
values of Gd-DTPA2− concentration in the conversion from mass spectrometer signal to
concentration, an error analysis was conducted. The Gd-DTPA2− concentration of the
cartilage sample (cs) was determined from the CC-LA-ICP-MS signal of the phantom
(sph), cartilage sample (ss) and the known concentration of the phantom (cph) according
to equation cs = ss/sph · cph. The law of error propagation yields the following equa-
tion for the Gd-DTPA2− conversion equation (excluding uncertainty in the phantom
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Figure 6.9: Calibration of CC-LA-ICP-MS (cps) using a set of agarose samples containing
various concentrations of Gd-DTPA2− (mM). The bars show ±SD for the mass spectrometer
count.
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concentration):
∆cs =
√√√√(cph
sph
∆ss
)2
+
(
−sscph
s2ph
∆sph
)2
, (6.1)
where
∆ss = 0.157ss and ∆sph = 0.157sph (6.2)
indicate the uncertainty in the measured signal. These values were taken from the SD
of 5.0 mM sample (same level of uncertainty, approximately 15% was noted in the other
phantom samples as well, figure (6.9)). Calculating equation (6.1) using these values
gives
∆cs =
√
s2sc
2
ph
s2ph
2 · 0.1572 = sscph
sph
√
2 · 0.1572 = 0.222cs, (6.3)
showing that the uncertainty in the conversion from the CC-LA-ICP-MS signal to the
Gd-DTPA2− concentration is ∼ 22%.
The Gd-DTPA2− concentration was calculated from dGEMRIC experiments using
the equation (5.1) and a single relaxivity value of 4.6 mM−1s−1. The average Gd-
DTPA2− profiles as measured by dGEMRIC or CC-LA-ICP-MS displayed depth- and
site-dependent variation (Figure 6.10). The depth-wise average PG content of the sam-
ples, evaluated as optical density using digital densitometry, showed decreased PG con-
tent throughout the tissue depth for tibial samples, as compared to the samples from
other sites (Figure 6.10).
To evaluate the relationships between the Gd-DTPA2− concentrations from CC-LA-
ICP-MS and dGEMRIC as well as between Gd-DTPA2− concentrations and the tissue
PG content (optical density), the average profiles were plotted against each other (Fig-
ure 6.11). The Gd-DTPA2− concentration, as measured by CC-LA-ICP-MS, displayed
a non-linear relationship with both the dGEMRIC measured Gd-DTPA2− concentration
and the optical density (Figure 6.11). The relationships between the dGEMRIC mea-
sured Gd-DTPA2− and the optical density were highly linear for each site, but exhibited
variable offset at different sites (Figure 6.11).
The bulk concentration of Gd-DTPA2−, as measured with CC-LA-ICP-MS, corre-
lated with the dGEMRIC measured concentration (R = 0.571, p = 0.011), water content
(R = 0.490, p = 0.033) and OD (R = -0.477, p = 0.039). The dGEMRIC measured
concentration correlated significantly with OD (R = 0.817, p < 0.01) and water con-
tent (R = −0.870, p < 0.01). The overall average Gd-DTPA2− concentration found in
cartilage was 0.61 ± 0.27 mM by CC-LA-ICP-MS and 0.50 ± 0.07 by dGEMRIC. The
mean site-wise concentrations showed no statistically significant variations (Table 6.4).
However, the average concentration in MTP exhibited a trend towards higher values as
compared to other sites. After correcting the CC-LA-ICP-MS concentrations with the
bulk water content, the Gd-DTPA2− concentrations were slightly higher, yielding 0.73
± 0.30, 0.61 ± 0.13, 0.64 ± 0.25 and 1.06 ± 0.36 mM for PAT, LPG, MC and MTP,
respectively.
The section-surface cell densities decreased from superficial tissue to deep tissue (Fig-
ure 6.12). The bulk cell density showed a significant negative correlation with the bulk
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Figure 6.10: A) Mean profiles for Gd-DTPA2− concentration at each anatomical location,
using dGEMRIC measurement, B) using CC-LA-ICP-MS measurement (not corrected for water
content) and C) mean PG concentration at each location as determined by optical density.
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Figure 6.11: A) The mean Gd-DTPA2− profiles by CC-LA-ICP-MS compared to Gd-DTPA2−
profiles by dGEMRIC for each anatomical location. B) Mean Gd-DTPA2− by CC-LA-ICP-MS
compared to optical density at each anatomical location and C) Gd-DTPA2− by dGEMRIC
compared to the optical density.
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Table 6.4: Values ±SD of the measured parameters T1, T1,Gd, [Gd-DTPA2−]ICP, [Gd-
DTPA2−]dGEMRIC, water content (%w), solid content (100% - water%), optical density (OD,
index of PG content) and two-dimensional cell density for full thickness articular cartilage at
patellar (PAT), femoral (LPG, MC) and tibial (MTP) measurement sites.
1PAT (n = 7) 2LPG (n = 4) 3MC (n = 4) 4MTP (n = 4)
T1 (ms) 2328 ± 157(4∗ 2215 ± 220(4∗ 2441 ± 117 2774 ± 176(1∗,2∗
T1,Gd (ms) 387 ± 24(4∗∗ 355 ± 15 370 ± 13 317 ± 20(1∗∗
[Gd-DTPA2−]ICP (mM) 0.56 ± 0.22 0.48 ± 0.10 0.51 ± 0.20 0.95 ± 0.32
[Gd-DTPA2−]MRI (mM) 0.46 ± 0.03(4∗ 0.49 ± 0.02 0.46 ± 0.05 0.59 ± 0.06(1∗
OD (au) 1.03 ± 0.38(4∗∗ 0.92 ± 0.32 0.63 ± 0.27 0.16 ± 0.16(1∗∗
Water Content (%w) 0.77 ± 0.03(4∗∗ 0.79 ± 0.01 0.81 ± 0.03 0.89 ± 0.02(1∗∗
Solid content (%w) 0.23 ± 0.03(4∗∗ 0.21 ± 0.01 0.19 ± 0.03 0.11 ± 0.02(1∗∗
CD (cells/mm2) 317 ± 83 398 ± 68 422 ± 89(4∗ 155 ± 32(3∗
(n∗Statistical difference (p < 0.05) compared to site n. (n∗∗ (p < 0.01)
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Figure 6.12: The mean section-surface cell density profiles at 10% depths for each anatomical
location.
Gd-DTPA2−, as measured with CC-LA-ICP-MS (r = -0.567, p = 0.018) and with dGEM-
RIC (r = -0.650, p = 0.005). The correlation of bulk cell density with OD, however, was
non-significant (r = 0.460, p = 0.063). Bulk PG content, water content, solid content
and cell density showed significant differences at different sites (Table 6.4).
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Chapter VII
Discussion
7.1 Degeneration related changes in relaxation properties
To assess the degenerative status of articular cartilage, mechanical properties as well
as the biochemical and histological properties of the samples were measured in study
I. Based on the reference parameters (biomechanical parameters, water content and
Mankin-score), a grading system, CQI [124], was applied to divide the samples into
groups with varying degrees of degeneration. By the use of CQI, a parameter composed
of subscores of reference parameters reflecting the quality of cartilage tissue, an objective
grading of the tissue quality was obtained.
The nomenclature selected for the classification of the degenerated samples (Study I)
may not correspond to clinical practice in vivo. The samples designated as having signs
of early or advanced degeneration are believed to correspond to the very initial stages
of cartilage degeneration in terms of in vivo diagnostics. Based on visual examination,
these samples exhibited a discolored or roughened articular surface, without further tissue
destruction that might lead to cartilage thinning. The present techniques, however, were
capable of detecting these subtle changes in cartilage.
Both the normal samples and the specimen with early degenerative changes displayed
the typical tri-laminar T2 appearance. This appearance is indicative of the anisotropic
spatial arrangement of the three-dimensional collagen network [128, 148, 193]. Whereas
in degenerated tissue, little or no laminar structure was observed, indicative of a damaged
collagen network. Furthermore, T2 relaxation time values were higher than for normal
tissue, especially in the superficial tissue. T2 relaxation time in the superficial tissue
showed a moderate association with CQI (R = 0.494, p < 0.05), pointing to its potential
for detecting the degenerative status.
The increased T2 relaxation time is believed to relate to increased water content in
the superficial tissue, combined with damaged, disoriented collagen fibrils [38, 42, 126]
possibly contributing to orientation-dependent T2 mechanisms. T2 measurements in the
superficial cartilage appear to be feasible in detecting degeneration, whereas the use
of bulk T2 values is questionable since the complex, non-monotonic depth-wise pattern
and the spatial variation of T2 [58, 126, 192] would be expected to mask variations in
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superficial T2.
T1 and T1,Gd relaxation times exhibited relatively high, statistically significant lin-
ear correlations with the CQI. The PG-sensitive T1,Gd showed quantitatively consistent
results with OD of safranin-O stained GAGs, as demonstrated previously [14, 127]. Na-
tive T1 also correlated with OD and both T1 and T1,Gd displayed significant differences
between normal samples and samples with advanced degeneration. Furthermore, T1,Gd
showed significant correlation to water content.
The measured T1,Gd values were in line with previously reported values for normal
and enzymatically degraded tissue at the same magnetic field strength [127]. The T1,Gd
relaxation time was compared to OD in a depth-wise manner and similar changes with
degeneration were noted for both parameters: i.e. a decrease in the relaxation time
and lower OD values (lower PG content) (Study I). A minor overestimation of the GAG
concentration by T1,Gd in the deep cartilage [127] was noted in the normal group, while
no overestimation was observed for the degenerated samples with lower PG content.
Nevertheless, the results confirmed the ability of Gd-DTPA2−-enhanced T1 imaging to
detect the spatial variation in PG content within a sample as well as the variation
between normal and degenerated samples. A linear combination of T1,Gd and T2 was also
evaluated, but it did not improve the prediction of CQI over T1,Gd or T2 alone.
7.2 Maturation related changes in the relaxation times
In studies II and III, samples from different species showed variable laminar or zonal
appearance of collagen network [16, 128, 190] and were divided into subgroups according
to species and the number of the laminae: human samples – three laminae, bovine
samples – three, five or seven laminae and porcine samples – three or five laminae. In
contrast to animal tissue, the structure of mature human cartilage was consistent with
the classical Benninghoff model showing three distinct collageneous zones [16]. Given
the age range of these samples, the differences between species most likely are related to
the varying stages of tissue maturation.
Earlier results have suggested that significant remodeling of the collagen network
takes place during the maturation process [58, 62, 122, 143]. Changes in T2 with mat-
uration have been reported in human [37] and rat cartilage [174, 176] with a decrease
in T2 relaxation time. Furthermore, changes occurring in mature, aging human tissue
have also been reported to have an impact on T2 [114]. In contrast, in rat patella, T2
did not show any significant variations during the aging process after maturation [174].
Structural differences in T2 of maturing cartilage and a simpler network pattern in more
mature cartilage have been demonstrated [129]. The number of the laminae have also
been related to the load bearing status of the tissue [192]. In this thesis, the varying
laminar structure seen in T2 was confirmed by quantitative PLM to associate with actual
histological zones.
The connection between T2 and PLM to the properties of the collagen fibril network
in human and animal cartilage has been shown previously [54, 108, 115, 128, 148, 174,
190, 192, 193]. Moreover, quantitative derivation of the fibril angle from PLM data and
rotation of cartilage samples in ~B0 field has provided evidence for the angular dependence
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of T2 [190, 192, 193]. In this thesis, T2 was related for the first time to PLM-measured
collagen anisotropy, a quantitative, physical measure of the preferential arrangement
of fibrils [141]. Although bearing similarities to optical retardation or birefringence,
anisotropy is a true measure of fibril parallelism [141].
The depth-wise variation of T2 was highly correlated with collagen anisotropy and
was clearly dependent on the fibril angle (Study II). Consequently, the zonal thicknesses
determined from T2 and anisotropy profiles were in good agreement. According to the
results, 60% of the depth-wise variation of T2 in human (and 44% with pooled data from
all species) is directly accounted for by the changes in collagen anisotropy. The remainder
is accounted for by the orientation-independent relaxation mechanisms, influenced by the
content and mobility of water and macromolecules in tissue, as well as by uncertainties
in experimental measurements, such as sample preparation.
Significant, but complicated relationships were established between T2 and mechani-
cal properties depending on the species studied (Study III). A significant difference in T2
and mechanical parameters was seen between mature human and immature porcine tis-
sue. After experimental [126, 176] or spontaneous [113] damage to the collagen network,
T2 values of cartilage increase while compressive stiffness decreases, leading to a negative
correlation between T2 and stiffness. Wayne and colleagues reported a significant nega-
tive correlation between T2 and aggregate modulus for porcine patellar cartilage [177].
In the present study, the heterogeneous material showed a positive association between
bulk T2 and compressive stiffness when data from different species were pooled. Due to
the angular dependency of T2, the stiff, multilaminar juvenile tissue may exhibit higher
bulk T2 values leading to this association.
A significant correlation between T1,Gd and mechanical properties has been estab-
lished in femoral and tibial human cartilage [88, 151], patellar and humeral animal tissue
[125] and engineered or degenerated tissue [4, 13, 127]. However, in study III, in the
samples from lateroproximal patellar cartilage of different species, a poor correlation with
mechanical properties was revealed for T1,Gd in the present study, as seen previously at
the same location [88, 91]. Inconsistent variation between the mechanical properties
and PG content of articular cartilage has been reported earlier [6, 151], suggesting that
factors other than the PG content also affect the mechanical properties. Higher dy-
namic stiffness has been reported for complex, multizonal collagen network architecture
of immature cartilage [24, 70, 142]. The mechanical properties as well as the structural
properties of the collagen network can significantly vary within a single surface [191]. The
association of PGs (and T1,Gd) to the mechanical properties may thus be masked by the
variations in the collagen network architecture. Furthermore, the cellularity of cartilage,
especially in immature tissue, is known to change from the articular surface towards the
deep tissue [68, 69] (Study IV) and thus may possibly bias the dGEMRIC experiment
by introducing a considerable compartment of tissue that lacks the extracellular contrast
agent.
A negative, though not always significant correlation was observed between native
T1 and mechanical properties in all species. Depending on the species, the correlation
was significant with equilibrium or dynamic stiffness, probably related to the varying
collagen fibril network and the varying levels of maturity. The general finding was that
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increasing stiffness resulted in lower T1 values, as seen before [125]. Cartilage tissue with
a lower water content (and a higher solid content) has a higher equilibrium stiffness [7].
Intuitively, a lower water content would be anticipated to result in a shorter T1 relaxation
time, resulting in a negative correlation between T1 and equilibrium stiffness. A shorter
T1 was observed in the deep zone, which is known to be stiffer [60, 153].
In studies II and III, the microscopic sections of these samples were prepared from
the osteochondral blocks whereas samples for MRI were detached from the underlying
bone. This may have subjected MR and microscopic samples to different amounts of
inhomogeneous swelling resulting in possible inaccuracies of profile matching between T2
and anisotropy profiles. The removal of the subchondral bone may thus influence the
deepest relaxation time values by facilitating saline diffusion into the cartilage. A recent
study, however, showed that the orientation of collagen fibrils in deep tissue remains
unchanged after detachment of bone, though the density of the collagen fibrils may
change [76].
7.3 Concentration of Gd-DTPA2− in articular cartilage
In the present study, the bulk and depth-wise concentrations of Gd-DTPA2− were deter-
mined using dGEMRIC and CC-LA-ICP-MS for cartilage at various sites of the bovine
patellofemoral joint. The concentration of Gd-DTPA2−, as measured by both methods
varied along the tissue depth and between anatomical sites, i.e. the average value of
concentration for tibial cartilage was higher than that of the patella (dGEMRIC mea-
surement). Tibial cartilage also exhibited the lowest PG content and the highest water
content (almost 90%). The samples from other locations (patella, lateral facet of femoral
groove and medial condyle) showed lower water contents and lower Gd-DTPA2− concen-
trations.
Depth- and site-dependent variations were observed in CC-LA-ICP-MS measured
Gd-DTPA2− concentration, but differently to dGEMRIC. As the relationship between
Gd-DTPA2− concentration and cartilage PGs has been established previously [13], the
PG content was also compared to CC-LA-ICP-MS. The relationship between the PG
content and the Gd-DTPA2− content by CC-LA-ICP-MS was not linear. The results
suggest that in deep cartilage the [Gd-DTPA2−]ICP decreases more rapidly than would
be assumed; this could be due to different accumulations of Safranin-O-stain and Gd-
DTPA2− or due to incomplete diffusion of Gd-DTPA2− in the deep tissue. Although
these considerations are speculative, the latter explanation is supported by the recent
finding with CECT that considerably longer diffusion times may be required to reach
equilibrium [159]. Moreover, the relationship between Gd-DTPA2− concentrations by
CC-LA-ICP-MS and dGEMRIC was not linear. Non-linear dependence between bulk
and depth-wise Gd-DTPA2− as measured by CC-LA-ICP-MS and dGEMRIC would be
expected if relaxivity changes prevail. However, due to the uncertainties in the CC-LA-
ICP-MS measurement, definite conclusions cannot be drawn from the present data.
The uncertainties in the measurement of the contrast agent by dGEMRIC include
the possibility of depth-wise varying relaxivity [127, 183]. It has been shown, that the
relaxivity depends on the macromolecular content [161] and it is known that the macro-
7.3 Concentration of Gd-DTPA2− in articular cartilage 63
molecular content varies with topographical location and cartilage depth [103, 135, 144];
it is possible that the relaxivity also varies with cartilage depth. Moreover, it is likely that
the relaxivity varies depending on the degenerative status of the tissue due to changes
in the macromolecular and water content [144, 158] and has also been demonstrated
in a model system [52]. There are also uncertainties in the CC-LA-ICP-MS method;
for example, the concentration of the contrast agent was measured using frozen sam-
ples. The linearity of the method was established using a series of calibration phantoms,
but as full calibration set would have been difficult to include in the measurements, the
conversion from mass spectrometer reading to Gd-DTPA2− concentration was conducted
using a single 5.0 mM Gd-DTPA2− agarose gel phantom. Furthermore, the concentration
profiles were measured from single scan lines, not representing the whole bulk tissue.
The bulk cell density showed a moderate negative correlation with the bulk Gd-
DTPA2− concentration as measured by CC-LA-ICP-MS or dGEMRIC. In the samples
studied, the volume occupied by the cells is likely to minimally affect the accumulation of
the contrast agent. However, this may be more important issue in juvenile cartilage with
high cell density [69], or in tissue repaired with autologous chondrocyte transplantation
[23]. Concomitantly, the depth-wise variation of cell density [69] and size [66] could affect
the accumulation of the contrast agent.
Other limitations of the present study include the use of an animal model; structural
differences between human and bovine tissue exist and these results may not be general-
ized to human samples. The samples went through a freeze-thaw cycle before imaging,
which may additionally affect the accumulation of the contrast agent due to the effects
of cryopreservation [92]. Another limitation related to the CC-LA-ICP-MS method is
the use of agarose phantoms with known concentrations of Gd-DTPA2− to calibrate the
system. This may be an oversimplification and may further affect the results. Finally,
the volume measured with the CC-LA-ICP-MS method was different to that used in
MRI (1 mm slice compared to 100 µm section). This limitation, however, cannot be
overcome.
The concentration of Gd-DTPA2− in bovine knee articular cartilage was estimated
using both dGEMRIC and CC-LA-ICP-MS, and compared to each other and PG con-
tent of the samples. A non-linear relationship was observed between CC-LA-ICP-MS
and dGEMRIC measured Gd-DTPA2− concentrations. Furthermore, the depth-wise re-
lationship of PG content and contrast agent concentration was linear only with dGEM-
RIC measurements. The recorded offset-type discrepancies between different sites in the
relationship between the PG content and the dGEMRIC measured Gd-DTPA2− concen-
tration should be further clarified. If the concentration of the contrast agent could be
reliably measured by CC-LA-ICP-MS (or by other means) the relaxivity of the agent
could be evaluated in a depth-wise manner. Further comparisons, conducted at clinical
field strength using a reliable reference method of Gd-DTPA2− concentration would be
of major importance. This would help to assess the potentially complex relationships
between the contrast agent concentration as measured by dGEMRIC, the tissue PG
content and the relaxivity.
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Chapter VIII
Summary and conclusions
Magnetic resonance imaging provides quantitative tools for determining the status of
articular cartilage. In the present study, several magnetic resonance imaging parameters
which can act as potential biomarkers for cartilage structure, composition and function
were investigated and compared to the properties of articular cartilage as measured
by established reference methods, such as mechanical testing, biochemical analyses and
polarized light microscopy. The main findings of this study can be summarized as follows:
• T2 and dGEMRIC are able to detect subtle changes in degenerative status of ar-
ticular cartilage. Both parameters correlate significantly with a quantitative index
of cartilage quality, and display statistically significant differences between normal
and spontaneously degenerated cartilage specimens.
• Depth-wise T2 relaxation time is able to detect the structural properties of the
collagen network, similar to quantitative polarized light microscopy, in mature
human and juvenile animal cartilage tissue.
• dGEMRIC, native T1 and T2 revealed species- and maturation related differences
in the properties of articular cartilage. MR parameters can reflect differences in
mechanical properties that are related to maturation and species origin.
• A non-linear relationship was observed between the Gd-DTPA2− concentrations
as measured by dGEMRIC and CC-LA-ICP-MS. This finding warrants further
research, as a successful method for determining the Gd-DTPA2− concentration as
reference would help improve the accuracy of dGEMRIC.
66 8. Summary and conclusions
References
[1] Osteoarthritis. NIH publication No. 06-4617. National Institute of Health, 2002.
[2] A. Abragam. The Principles of Nuclear Magnetism. Oxford University Press,
London, 1961.
[3] S. V. Akella, R. R. Regatte, A. J. Gougoutas, A. Borthakur, E. M. Shapiro,
J. B. Kneeland, J. S. Leigh, and R. Reddy. Proteoglycan-induced changes in
T1ρ-relaxation of articular cartilage at 4T. Magn Reson Med, 46(3):419–423, 2001.
[4] R. G. Allen, D. Burstein, and M. L. Gray. Monitoring glycosaminoglycan replenish-
ment in cartilage explants with gadolinium-enhanced magnetic resonance imaging.
J Orthop Res, 17(3):430–436, 1999.
[5] R. D. Altman and G. E. Gold. Atlas of individual radiographic features in os-
teoarthritis, revised. Osteoarthritis Cartilage, 15 Suppl A:A1–56, 2007.
[6] R. C. Appleyard, D. Burkhardt, P. Ghosh, R. Read, M. Cake, M. V. Swain, and
G. A. Murrell. Topographical analysis of the structural, biochemical and dy-
namic biomechanical properties of cartilage in an ovine model of osteoarthritis.
Osteoarthritis Cartilage, 11(1):65–77, 2003.
[7] C. G. Armstrong and V. C. Mow. Variations in the intrinsic mechanical properties
of human articular cartilage with age, degeneration, and water content. J Bone
Joint Surg Am, 64(1):88–94, 1982.
[8] J. P. Arokoski, M. M. Hyttinen, T. Lapveteläinen, P. Takacs, B. Kosztaczky,
L. Modis, V. Kovanen, and H. Helminen. Decreased birefringence of the super-
ficial zone collagen network in the canine knee (stifle) articular cartilage after long
distance running training, detected by quantitative polarised light microscopy. Ann
Rheum Dis, 55(4):253–264., 1996.
[9] G. A. Ateshian, L. J. Soslowsky, and V. C. Mow. Quantitation of articular surface
topography and cartilage thickness in knee joints using stereophotogrammetry. J
Biomech, 24(8):761–776, 1991.
68 References
[10] K. A. Athanasiou, M. P. Rosenwasser, J. A. Buckwalter, T. I. Malinin, and V. C.
Mow. Interspecies comparisons of in situ intrinsic mechanical properties of distal
femoral cartilage. J Orthop Res, 9(3):330–340, 1991.
[11] M. Baldassarri, J. S. Goodwin, M. L. Farley, B. E. Bierbaum, S. R. Goldring, M. B.
Goldring, D. Burstein, and M. L. Gray. Relationship between cartilage stiffness
and dGEMRIC index: correlation and prediction. J Orthop Res, 25(7):904–912,
2007.
[12] A. Bashir, M. L. Gray, R. D. Boutin, and D. Burstein. Glycosaminoglycan in
articular cartilage: in vivo assessment with delayed Gd-DTPA2−-enhanced MR
imaging. Radiology, 205(2):551–558, 1997.
[13] A. Bashir, M. L. Gray, and D. Burstein. Gd-DTPA2− as a measure of cartilage
degradation. Magn Reson Med, 36(5):665–673, 1996.
[14] A. Bashir, M. L. Gray, J. Hartke, and D. Burstein. Nondestructive imaging of
human cartilage glycosaminoglycan concentration by MRI. Magn Reson Med,
41(5):857–865, 1999.
[15] H. S. Bennett. Methods applicable to the study of both fresh and fixed materials.
The microscopical investigation of biological materials with polarized light. In J.R.
McClung, editor, McClung’s handbook of microscopical technique, pages 591–677.
Paul B Hoeber, New York, 1950.
[16] A. Benninghoff. Form und bau der gelenkknorpel in ihren beziehungen zur function.
erste mitteilung: die modellierenden und formerhaltenden faktoren des knorpelre-
liefs. Z Anat, 76:43–63, 1925.
[17] S. J. Blackband and E. Hsu. Magnetization transfer contrast magnetic resonance
imaging. In R. J. Gillies, editor, NMR in physiology and biomedicine, pages 119–
135. Academic Press, Inc., 1994.
[18] J. M. Bland and D. G. Altman. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet, 1(8476):307–310, 1986.
[19] G. Blumenkrantz and S. Majumdar. Quantitative magnetic resonance imaging of
articular cartilage in osteoarthritis. Eur Cell Mater, 13:76–86, 2007.
[20] N. Blumenkrantz and G. Asboe-Hansen. New method for quantitative determina-
tion of uronic acids. Anal Biochem, 54(2):484–489, 1973.
[21] A. Borthakur, S. R. Charagundla, A. Wheaton, and R. Reddy. T1ρ-weighted MRI
using a surface coil to transmit spin-lock pulses. J Magn Reson, 167(2):306–316,
2004.
References 69
[22] A. Borthakur, E. M. Shapiro, J. Beers, S. Kudchodkar, J. B. Kneeland, and
R. Reddy. Effect of IL-1beta-induced macromolecular depletion on residual
quadrupolar interaction in articular cartilage. J Magn Reson Imaging, 15(3):315–
323, 2002.
[23] M. Brittberg, A. Lindahl, A. Nilsson, C. Ohlsson, O. Isaksson, and L. Peterson.
Treatment of deep cartilage defects in the knee with autologous chondrocyte trans-
plantation. N Engl J Med, 331(14):889–895, 1994.
[24] H. Brommer, P. A. Brama, M. S. Laasanen, H. J. Helminen, P. R. van Weeren, and
J. S. Jurvelin. Functional adaptation of articular cartilage from birth to maturity
under the influence of loading: a biomechanical analysis. Equine Vet J, 37(2):148–
154, 2005.
[25] N. D. Broom and C. A. Poole. Articular cartilage collagen and proteoglycans.
Their functional interdependency. Arthritis Rheum, 26(9):1111–1119, 1983.
[26] M. A. Brown and R. C. Semelka. MRI: Basic principles and applications. Wiley-
Liss, Inc., New York, 1995.
[27] J. A. Buckwalter and H. J. Mankin. Articular Cartilage. Part I: Tissue design and
chondrocyte-matrix interactions. J Bone Joint Surg Am, 79:600–611, 1997.
[28] J. A. Buckwalter and H. J. Mankin. Articular Cartilage, Part II: Degeneration
and osteoarthrosis, repair, regeneration, and transplantation. J Bone Joint Surg
Am, 79(4):612–632, 1997.
[29] J. A. Buckwalter and J. Martin. Degenerative joint disease. Clin Symp, 47(2):1–32,
1995.
[30] J. A. Buckwalter and J. A. Martin. Osteoarthritis. Adv Drug Deliv Rev, 58(2):150–
167, 2006.
[31] D. Burstein, A. Bashir, and M. L. Gray. MRI techniques in early stages of cartilage
disease. Invest Radiol, 35(10):622–638, 2000.
[32] D. Burstein and M. L. Gray. Is MRI fulfilling its promise for molecular imaging of
cartilage in arthritis? Osteoarthritis Cartilage, 14(11):1087–1090, 2006.
[33] D. Burstein, J. Velyvis, K. T. Scott, K. W. Stock, Y. J. Kim, D. Jaramillo,
R. D. Boutin, and M. L. Gray. Protocol issues for delayed Gd(DTPA)2−-enhanced
MRI (dGEMRIC) for clinical evaluation of articular cartilage. Magn Reson Med,
45(1):36–41., 2001.
[34] T. D. W. Claridge. High-Resolution NMR Techniques in Organic Chemistry, vol-
ume 19 of Tetrahedron Organic Chemistry Series. Elsevier Science Ltd., Oxford,
UK, 1999.
70 References
[35] E. Collett. Polarized light: Fundamentals and applications. In Polarized Light:
Fundamentals and Applications, Optical Engineering Series, pages 1–581. Mercel
Dekker, New York, 1992.
[36] B. P. Cowan. Nuclear magnetic resonance and relaxation. Cambridge University
Press, Cambridge, 1 edition, 1997.
[37] B. J. Dardzinski, T. Laor, V. J. Schmithorst, L. Klosterman, and T. B. Graham.
Mapping T2 relaxation time in the pediatric knee: feasibility with a clinical 1.5-T
MR imaging system. Radiology, 225(1):233–239, 2002.
[38] E. David-Vaudey, S. Ghosh, M. Ries, and S. Majumdar. T2 relaxation time mea-
surements in osteoarthritis. Magn Reson Imaging, 22(5):673–682, 2004.
[39] S. K. de Visser, J. C. Bowden, E. Wentrup-Byrne, L. Rintoul, T. Bostrom, J. M.
Pope, and K. I. Momot. Anisotropy of collagen fibre alignment in bovine cartilage:
comparison of polarised light microscopy and spatially resolved diffusion-tensor
measurements. Osteoarthritis Cartilage, 2007.
[40] S. K. de Visser, R. W. Crawford, and J. M. Pope. Structural adaptations in
compressed articular cartilage measured by diffusion tensor imaging. Osteoarthritis
Cartilage, 2007.
[41] K. M. Donahue, D. Burstein, W. J. Manning, and M. L. Gray. Studies of Gd-DTPA
relaxivity and proton exchange rates in tissue. Magn Reson Med, 32(1):66–76, 1994.
[42] T. C. Dunn, Y. Lu, H. Jin, M. D. Ries, and S. Majumdar. T2 relaxation time of car-
tilage at MR imaging: comparison with severity of knee osteoarthritis. Radiology,
232(2):592–598, 2004.
[43] U. Duvvuri, S. Kudchodkar, R. Reddy, and J.S. Leigh. T1ρ relaxation can assess
longitudinal proteoglycan loss from articular cartilage in vitro. Osteoarthritis and
Cartilage, 10(11):838–844, 2002.
[44] U. Duvvuri, R. Reddy, S. D. Patel, J. H. Kaufman, J. B. Kneeland, and J. S. Leigh.
T1ρ-relaxation in articular cartilage: effects of enzymatic degradation. Magn Reson
Med, 38(6):863–867, 1997.
[45] P. Ek. Determination of the spatial distribution of some enriched stable isotopes
in soft tissue material using LA-ICP-MS with a cryo sample cell. In Winter Con-
ference on Plasma Spectrochemistry, volume 25, page 211, Fort Lauderdale, FL,
USA, 2000.
[46] S. J. Erickson, R. W. Prost, and M. E. Timins. The "magic angle" effect: back-
ground physics and clinical relevance [editorial]. Radiology, 188(1):23–25, 1993.
[47] D. R. Eyre, M. A. Weis, and J. J. Wu. Articular cartilage collagen: an irreplaceable
framework? Eur Cell Mater, 12:57–63, 2006.
References 71
[48] L. Filidoro, O. Dietrich, J. Weber, E. Rauch, T. Oerther, M. Wick, M. F. Reiser,
and C. Glaser. High-resolution diffusion tensor imaging of human patellar cartilage:
feasibility and preliminary findings. Magn Reson Med, 53(5):993–998, 2005.
[49] E. Fragonas, V. Mlynárik, V. Jellus, F. Micali, A. Piras, R. Toffanin, R. Rizzo, and
F. Vittur. Correlation between biochemical composition and magnetic resonance
appearance of articular cartilage. Osteoarthritis Cartilage, 6(1):24–32, 1998.
[50] D. G. Gadian. NMR and its Applications to Living Systems. Oxford University
Press, Oxford, 2 edition, 1995.
[51] A. Gillis, A. Bashir, B. McKeon, A. Scheller, M. L. Gray, and D. Burstein. Mag-
netic resonance imaging of relative glycosaminoglycan distribution in patients with
autologous chondrocyte transplants. Invest Radiol, 36(12):743–748, 2001.
[52] A.M. Gillis, M. Gray, and D. Burstein. Relaxivity and diffusion of gadolinium
agents in cartilage. Magn Reson Med, 48(6):1068–1071, 2002.
[53] G. E. Gold, D. Burstein, B. Dardzinski, P. Lang, F. Boada, and T. Mosher. MRI
of articular cartilage in OA: novel pulse sequences and compositional/functional
markers. Osteoarthritis Cartilage, 14 Suppl A:A76–86, 2006.
[54] D. W. Goodwin and J. F. Dunn. High-resolution magnetic resonance imaging of
articular cartilage: correlation with histology and pathology. Top Magn Reson
Imaging, 9(6):337–347, 1998.
[55] D. W. Goodwin, Y. Z. Wadghiri, and J. F. Dunn. Micro-imaging of articular
cartilage: T2, proton density, and the magic angle effect. Acad Radiol, 5(11):790–
798, 1998.
[56] M. L. Gray, D. Burstein, L. M. Lesperance, and Gehrke Lee. Magnetization transfer
in cartilage and its constituent macromolecules. Magnetic Resonance in Medicine,
34(3):319–325, 1995.
[57] M. L. Gray, D. Burstein, and Y. Xia. Biochemical (and functional) imaging of
articular cartilage. Semin Musculoskelet Radiol, 5(4):329–343, 2001.
[58] W. Gründer. MRI assessment of cartilage ultrastructure. NMR Biomed, 19(7):855–
876, 2006.
[59] W. Gründer, M. Wagner, and A. Werner. MR-microscopic visualization of
anisotropic internal cartilage structures using the magic angle technique. Magn
Reson Med, 39(3):376–382, 1998.
[60] F. Guilak, A. Ratcliffe, and V. C. Mow. Chondrocyte deformation and local tissue
strain in articular cartilage: a confocal microscopy study. J Orthop Res, 13(3):410–
421., 1995.
72 References
[61] E. M. Haacke, R. W. Brown, M.R. Thompson, and R. Venkatesan. Magnetic
Resonance Imaging: physical principles and sequence design. Wiley-Liss, New
York, 1999.
[62] I. Hannila, R. O. Ojala, O. Tervonen, and M. T. Nieminen. MRI of maturation-
related changes in collagen network of human femoral cartilage. In Proc Intl Soc
Mag Reson Med, volume 15, page 2621, Berlin, Germany, 2007.
[63] R. Harrison, M. J. Bronskill, and R. M. Henkelman. Magnetization transfer and
T2 relaxation components in tissue. Magn Reson Med, 33(4):490–496, 1995.
[64] B. Hattendorf, C. Latkoczy, and D. Gunther. Laser ablation-ICPMS. Anal Chem,
75(15):341A–347A, 2003.
[65] W. C. Hayes, L. M. Keer, G. Herrmann, and L. F. Mockros. A mathematical
analysis for indentation tests of articular cartilage. J Biomech, 5(5):541–551, 1972.
[66] C. Hidaka, C. Cheng, D. Alexandre, M. Bhargava, and P. A. Torzilli. Maturational
differences in superficial and deep zone articular chondrocytes. Cell Tissue Res,
323(1):127–135, 2006.
[67] E. K. Insko, J. H. Kaufman, J. S. Leigh, and R. Reddy. Sodium NMR evaluation
of articular cartilage degradation. Magn Reson Med, 41(1):30–34, 1999.
[68] K. D. Jadin, W. C. Bae, B. L. Schumacher, and R. L. Sah. Three-dimensional
(3-D) imaging of chondrocytes in articular cartilage: Growth-associated changes
in cell organization. Biomaterials, 28(2):230–239, 2007.
[69] K. D. Jadin, B. L. Wong, W. C. Bae, K.W. Li, A. K. Williamson, B. L. Schumacher,
J. H. Price, and R. L. Sah. Depth-varying density and organization of chondrocytes
in immature and mature bovine articular cartilage assessed by 3d imaging and
analysis. J Histochem Cytochem, 53(9):1109–1119, 2005.
[70] P. Julkunen, M. J. Nissi, J. S. Jurvelin, and R. K. Korhonen. Estimation of me-
chanical properties of articular cartilage using quantitative MRI and finite element
modeling. In Transact Orthop Res Soc, volume 31, page 1510, Chicago, IL, 2006.
[71] J. S. Jurvelin, J. P. Arokoski, E. B. Hunziker, and H. J. Helminen. Topographi-
cal variation of the elastic properties of articular cartilage in the canine knee. J
Biomech, 33(6):669–675, 2000.
[72] J. S. Jurvelin, M. D. Buschmann, and E. B. Hunziker. Mechanical anisotropy
of the human knee articular cartilage in compression. Proc Inst Mech Eng [H],
217(3):215–219, 2003.
[73] J. S. Jurvelin, I. Kiviranta, A. M. Säämänen, M. Tammi, and H. J. Helminen.
Partial restoration of immobilization-induced softening of canine articular cartilage
after remobilization of the knee (stifle) joint. J Orthop Res, 7(3):352–358, 1989.
References 73
[74] A. S. Kallioniemi, J. S. Jurvelin, M. T. Nieminen, M. J. Lammi, and J. Töyräs.
Contrast agent enhanced pQCT of articular cartilage. Phys Med Biol, 52(4):1209–
1219, 2007.
[75] J. Keeler. Understanding NMR spectroscopy. John Wiley & Sons Ltd., West Sussex,
2005.
[76] K. Keinan-Adamsky, H. Shinar, and G. Navon. The effect of detachment of the
articular cartilage from its calcified zone on the cartilage microstructure, assessed
by 2H-spectroscopic double quantum filtered MRI. J Orthop Res, 23(1):109–117,
2005.
[77] G. N. Kiefer, K. Sundby, D. McAllister, N. G. Shrive, C. B. Frank, T. Lam, and
N. S. Schachar. The effect of cryopreservation on the biomechanical behavior of
bovine articular cartilage. J Orthop Res, 7(4):494–501, 1989.
[78] D. K. Kim, T. L. Ceckler, V. C. Hascall, A. Calabro, and R. S. Balaban. Analysis
of water-macromolecule proton magnetization transfer in articular cartilage. Magn
Reson Med, 29(2):211–215, 1993.
[79] T. Kimelman, A. Vu, P. Storey, C. McKenzie, D. Burstein, and P. Prasad. Three-
dimensional T1 mapping for dGEMRIC at 3.0 T using the Look Locker method.
Invest Radiol, 41(2):198–203, 2006.
[80] K. Király, M. M. Hyttinen, T. Lapveteläinen, M. Elo, I. Kiviranta, J. Dobai,
L. Modis, H. J. Helminen, and J. P. Arokoski. Specimen preparation and quan-
tification of collagen birefringence in unstained sections of articular cartilage using
image analysis and polarizing light microscopy. Histochem J, 29(4):317–327, 1997.
[81] K. Király, M. Lammi, J. Arokoski, T. Lapveteläinen, M. Tammi, H. Helminen, and
I. Kiviranta. Safranin O reduces loss of glycosaminoglycans from bovine articular
cartilage during histological specimen preparation. Histochem J, 28(2):99–107,
1996.
[82] I. Kiviranta, J. S. Jurvelin, M. Tammi, A. M. Säämänen, and H. J. Helminen.
Microspectrophotometric quantitation of glycosaminoglycans in articular cartilage
sections stained with Safranin O. Histochemistry, 82(3):249–255, 1985.
[83] G. Kobelt. Health economic issues in rheumatoid arthritis. Scand J Rheumatol,
35(6):415–425, 2006.
[84] R. K. Korhonen, M. S. Laasanen, J. Töyräs, H. J. Helminen, and J. S. Jurvelin.
Comparison of the equilibrium response of articular cartilage in unconfined com-
pression, confined compression and indentation. J Biomech, 35(7):903–909, 2002.
[85] R. K. Korhonen, M. S. Laasanen, J. Töyräs, R. Lappalainen, H. J. Helminen, and
J. S. Jurvelin. Fibril reinforced poroelastic model predicts specifically mechanical
74 References
behavior of normal, proteoglycan depleted and collagen degraded articular carti-
lage. J Biomech, 36(9):1373–1379, 2003.
[86] R. K. Korhonen, M. Wong, J. Arokoski, R. Lindgren, H. J. Helminen, E. B. Hun-
ziker, and J. S. Jurvelin. Importance of the superficial tissue layer for the inden-
tation stiffness of articular cartilage. Med Eng Phys, 24(2):99–108, 2002.
[87] J. E. Kurkijärvi, L. Mattila, R. O. Ojala, A. I. Vasara, J. S. Jurvelin, I. Kivi-
ranta, and M. T. Nieminen. Evaluation of cartilage repair in the distal femur after
autologous chondrocyte transplantation using T2 relaxation time and dGEMRIC.
Osteoarthritis Cartilage, 15(4):372–378, 2007.
[88] J. E. Kurkijärvi, M. J. Nissi, I. Kiviranta, J. S. Jurvelin, and M. T. Nieminen.
Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) and T2 characteristics
of human knee articular cartilage: topographical variation and relationships to
mechanical properties. Magn Reson Med, 52(1):41–46, 2004.
[89] M. S. Laasanen, J. Töyräs, R. K. Korhonen, J. Rieppo, S. Saarakkala, M. T. Niem-
inen, J. Hirvonen, and J. S. Jurvelin. Biomechanical properties of knee articular
cartilage. Biorheology, 40(1-3):133–140, 2003.
[90] W. M. Lai, J. S. Hou, and V. C. Mow. A triphasic theory for the swelling and
deformation behaviors of articular cartilage. J Biomech Eng, 113(3):245–258, 1991.
[91] E. Lammentausta, P. Kiviranta, M. J. Nissi, M. S. Laasanen, I. Kiviranta, M. T.
Nieminen, and J. S. Jurvelin. T2 relaxation time and delayed gadolinium-enhanced
MRI of cartilage (dGEMRIC) of human patellar cartilage at 1.5 T and 9.4 T:
Relationships with tissue mechanical properties. J Orthop Res, 24(3):366–374,
2006.
[92] L. Laouar, K. Fishbein, L. E. McGann, W. E. Horton, R. G. Spencer, and N. M.
Jomha. Cryopreservation of porcine articular cartilage: MRI and biochemical
results after different freezing protocols. Cryobiology, 54(1):36–43, 2007.
[93] K. B. Lehner, H. P. Rechl, J. K. Gmeinwieser, A. F. Heuck, H. P. Lukas, and H. P.
Kohl. Structure, function, and degeneration of bovine hyaline cartilage: assessment
with MR imaging in vitro. Radiology, 170(2):495–499, 1989.
[94] C. Liess, S. Lüsse, N. Karger, M. Heller, and C.-C. Glüer. Detection of changes in
cartilage water content using MRI T2-mapping in vivo. Osteoarthritis and Carti-
lage, 10(12):907–913, 2002.
[95] T. M. Link, R. Stahl, and K. Woertler. Cartilage imaging: motivation, techniques,
current and future significance. Eur Radiol, 17(5):1135–1146, 2007.
[96] S. Lüsse, H. Claassen, T. Gehrke, J. Hassenpflug, M. Schunke, M. Heller, and C. C.
Glüer. Evaluation of water content by spatially resolved transverse relaxation times
of human articular cartilage. Magn Reson Imaging, 18(4):423–430, 2000.
References 75
[97] T. Lyyra. Development, validation and clinical application of indentation tech-
nique for arthroscopic measurement of cartilage stiffness. PhD thesis, University
of Kuopio, 1997.
[98] T. Lyyra, I. Kiviranta, U. Väätäinen, H. J. Helminen, and J. S. Jurvelin. In vivo
characterization of indentation stiffness of articular cartilage in the normal human
knee. J Biomed Mater Res, 48(4):482–487, 1999.
[99] A. F. Mak. The apparent viscoelastic behavior of articular cartilage–the contribu-
tions from the intrinsic matrix viscoelasticity and interstitial fluid flows. J Biomech
Eng, 108(2):123–130., 1986.
[100] H. J. Mankin, H. Dorfman, L. Lippiello, and A. Zarins. Biochemical and metabolic
abnormalities in articular cartilage from osteo-arthritic human hips. II. Correlation
of morphology with biochemical and metabolic data. J Bone Joint Surg Am,
53(3):523–537, 1971.
[101] A. Maroudas. Physico-chemical properties of articular cartilage. In M. Freeman,
editor, Adult articular cartilage, pages 131–170. Pitman Medical, Kent, 1973.
[102] A. Maroudas, P. Bullough, S. A. Swanson, and M. A. Freeman. The permeability
of articular cartilage. J Bone Joint Surg Br, 50(1):166–177., 1968.
[103] A. Maroudas, H. Evans, and L. Almeida. Cartilage of the hip joint. topographical
variation of glycosaminoglycan content in normal and fibrillated tissue. Ann Rheum
Dis, 32(1):1–9., 1973.
[104] A. Maroudas and H. Thomas. A simple physicochemical micromethod for determin-
ing fixed anionic groups in connective tissue. Biochim Biophys Acta, 215(1):214–
216., 1970.
[105] A. Maroudas and M. Venn. Chemical composition and swelling of normal and
osteoarthrotic femoral head cartilage. II. swelling. Ann Rheum Dis, 36(5):399–
406., 1977.
[106] R. Meder, S. K. de Visser, J. C. Bowden, T. Bostrom, and J. M. Pope. Diffu-
sion tensor imaging of articular cartilage as a measure of tissue microstructure.
Osteoarthritis Cartilage, 14(9):875–881, 2006.
[107] T. Mendlik, S. C. Faber, J. Weber, J. Hohe, E. Rauch, M. Reiser, and C. Glaser.
T2 quantitation of human articular cartilage in a clinical setting at 1.5 T: imple-
mentation and testing of four multiecho pulse sequence designs for validity. Invest
Radiol, 39(5):288–299, 2004.
[108] N.M. Menezes, M.L. Gray, J.R. Hartke, and D. Burstein. T2 and T1ρ MRI in
articular cartilage systems. Magn Reson Med, 51(3):503–509, 2004.
76 References
[109] V. Mlynárik, A. Degrassi, R. Toffanin, O. Jarh, and F. Vittur. A method for gen-
erating magnetic resonance microimaging T2 maps with low sensitivity to diffusion.
Magn Reson Med, 35(3):423–425, 1996.
[110] V. Mlynárik, A. Degrassi, R. Toffanin, F. Vittur, M. Cova, and R. S. Pozzi-Mucelli.
Investigation of laminar appearance of articular cartilage by means of magnetic
resonance microscopy. Magn Reson Imaging, 14(4):435–442, 1996.
[111] V. Mlynárik, I. Sulzbacher, M. Bittsansky, R. Fuiko, and S. Trattnig. Investiga-
tion of apparent diffusion constant as an indicator of early degenerative disease in
articular cartilage. J Magn Reson Imaging, 17:440–444, 2003.
[112] T. J. Mosher and B. J. Dardzinski. Cartilage MRI T2 relaxation time mapping:
overview and applications. Semin Musculoskelet Radiol, 8(4):355–368, 2004.
[113] T. J. Mosher, B. J. Dardzinski, and M. B. Smith. Human articular cartilage:
influence of aging and early symptomatic degeneration on the spatial variation of
T2–preliminary findings at 3 T. Radiology, 214(1):259–266, 2000.
[114] T. J. Mosher, Y. Liu, Q. X. Yang, J. Yao, R. Smith, B. J. Dardzinski, and M. B.
Smith. Age dependency of cartilage magnetic resonance imaging T2 relaxation
times in asymptomatic women. Arthritis Rheum, 50(9):2820–2828, 2004.
[115] T. J. Mosher, H. Smith, B. J. Dardzinski, V. J. Schmithorst, and M. B. Smith.
MR imaging and T2 mapping of femoral cartilage: in vivo determination of the
magic angle effect. Am J Roentgenol, 177(3):665–669, 2001.
[116] V. C. Mow, D. C. Fithian, and M. A. Kelly. Fundamentals of articular cartilage
and meniscus biomechanics. In J. W. Ewing, editor, Articular cartilage and knee
joint function: basic science and arthroscopy, pages 1–18. Raven Press Ltd., New
York, 1990.
[117] V. C. Mow and X. E. Guo. Mechano-electrochemical properties of articular carti-
lage: their inhomogeneities and anisotropies. Annu Rev Biomed Eng, 4:175–209,
2002.
[118] V. C. Mow and W. C. Hayes, editors. Basic orthopaedic biomechanics. Raven
Press, New York, 1991.
[119] V. C. Mow, M. H. Holmes, and W. M. Lai. Fluid transport and mechanical
properties of articular cartilage: a review. J Biomech, 17(5):377–394, 1984.
[120] V. C. Mow, S. C. Kuei, W. M. Lai, and C. G. Armstrong. Biphasic creep and
stress relaxation of articular cartilage in compression: Theory and experiments. J
Biomech Eng, 102(1):73–84, 1980.
[121] V. C. Mow, W. Zhu, and A. Ratcliffe. Structure and function of articular carti-
lage and meniscus. In V. C. Mow and W. C. Hayes, editors, Basic orthopaedic
biomechanics, pages 143–198. Raven Press, Ltd, New York, 1991.
References 77
[122] T. Nakano, F. X. Aherne, and J. R. Thompson. Changes in swine knee articular
cartilage during growth. Can J Anim Sci, 59:167–179, 1978.
[123] A. P. Newman. Articular cartilage repair. American Journal of Sports Medicine,
26(2):309–324, 1998.
[124] H. J. Nieminen, S. Saarakkala, M. S. Laasanen, J. Hirvonen, J. S. Jurvelin, and
J. Töyräs. Ultrasound attenuation in normal and spontaneously degenerated ar-
ticular cartilage. Ultrasound Med Biol, 30(4):493–500, 2004.
[125] M. T. Nieminen, J. Töyräs, M. S. Laasanen, J. Silvennoinen, H. J. Helminen, and
J. S. Jurvelin. Prediction of biomechanical properties of articular cartilage with
quantitative magnetic resonance imaging. J Biomech, 37(3):321–328, 2004.
[126] M. T. Nieminen, J. Töyräs, J. Rieppo, J. M. Hakumäki, J. Silvennoinen, H. J.
Helminen, and J. S. Jurvelin. Quantitative MR microscopy of enzymatically de-
graded articular cartilage. Magn Reson Med, 43(5):676–681, 2000.
[127] M.T. Nieminen, J. Rieppo, J. Silvennoinen, J. Töyräs, J.M. Hakumäki, M.M. Hyt-
tinen, H.J. Helminen, and J.S. Jurvelin. Spatial assessment of articular cartilage
proteoglycans with Gd-DTPA -enhanced T1 imaging. Magn Reson Med, 48(4):640–
648, 2002.
[128] M.T. Nieminen, J. Rieppo, J. Töyräs, J.M. Hakumäki, M.J. Silvennoinen, M.M.
Hyttinen, H.J. Helminen, and J.S. Jurvelin. T2 relaxation reveals spatial collagen
architecture in articular cartilage: a comparative quantitative MRI and polarized
light microscopic study. Magn Reson Med, 46(3):487–493, 2001.
[129] P. Olivier, D. Loeuille, A. Watrin, F. Walter, S. Etienne, P. Netter, P. Gillet,
and A. Blum. Structural evaluation of articular cartilage: potential contribu-
tion of magnetic resonance techniques used in clinical practice. Arthritis Rheum,
44(10):2285–2295., 2001.
[130] H. E. Panula, M. M. Hyttinen, J. P. A. Arokoski, T. K. Långsjö, A. Pelttari,
I. Kiviranta, and H. J. Helminen. Articular cartilage superficial zone collagen
birefringence reduced and cartilage thickness increased before surface fibrillation
in experimental osteoarthritis. Ann Rheum Dis, 57(4):237–245, 1998.
[131] J. R. Parsons and J. Black. The viscoelastic shear behavior of normal rabbit
articular cartilage. J Biomech, 10(1):21–29, 1977.
[132] S. Peto and P. Gillis. Fiber-to-field angle dependence of proton nuclear magnetic
relaxation in collagen. Magn Reson Imaging, 8(6):705–712, 1990.
[133] J. Pintaske, P. Martirosian, H. Graf, G. Erb, K. P. Lodemann, C. D. Claussen,
and F. Schick. Relaxivity of Gadopentetate Dimeglumine (Magnevist), Gadobutrol
(Gadovist), and Gadobenate Dimeglumine (MultiHance) in human blood plasma
at 0.2, 1.5, and 3 Tesla. Invest Radiol, 41(3):213–221, 2006.
78 References
[134] A. R. Poole, L. C. Rosenberg, A. Reiner, M. Ionescu, E. Bogoch, and P. J. Rough-
ley. Contents and distributions of the proteoglycans decorin and biglycan in normal
and osteoarthritic human articular cartilage. J Orthop Res, 14(5):681–689., 1996.
[135] T. M. Quinn, E. B. Hunziker, and H. J. Hauselmann. Variation of cell and ma-
trix morphologies in articular cartilage among locations in the adult human knee.
Osteoarthritis Cartilage, 13(8):672–678, 2005.
[136] R. Reddy, E. K. Insko, E. A. Noyszewski, R. Dandora, J. B. Kneeland, and J. S.
Leigh. Sodium MRI of human articular cartilage in vivo. Magn Reson Med,
39(5):697–701, 1998.
[137] R. Reddy Regatte, S.V.S. Akella, A. Borthakur, J. B. Kneeland, and R. Reddy.
In vivo proton MR three-dimensional T1ρ mapping of human articular cartilage:
Initial experience. Radiology, 229:269–274, 2003.
[138] R. Reddy Regatte, S.V.S. Akella, A.J. Wheaton, A. Borthakur, J. B. Kneeland,
and R. Reddy. T1ρ relaxation mapping of human femoral-tibial cartilage in vivo. J
Magn Reson Imaging, 18:336–341, 2003.
[139] R. R. Regatte, S. V. Akella, and R. Reddy. Depth-dependent proton magnetization
transfer in articular cartilage. J Magn Reson Imaging, 22(2):318–323, 2005.
[140] R. R. Regatte, S. V. Akella, A. J. Wheaton, G. Lech, A. Borthakur, J. B. Kneeland,
and R. Reddy. 3D-T1ρ-relaxation mapping of articular cartilage: in vivo assessment
of early degenerative changes in symptomatic osteoarthritic subjects. Acad Radiol,
11(7):741–749, 2004.
[141] J. Rieppo, J. Hallikainen, J.S. Jurvelin, H.J. Helminen, and M. M. Hyttinen. Novel
quantitative polarization microscopic assessment of cartilage and bone collagen
birefringence, orientation and anisotropy. Transact Orthop Res Soc, 28:570, 2003.
[142] J. Rieppo, E.P. Halmesmäki, U. Siitonen, M. S. Laasanen, J. Töyräs, I. Kiviranta,
M. M. Hyttinen, J.S. Jurvelin, and H.J. Helminen. Histological differences in
human, bovine and porcine cartilage. Transact Orthop Res, 28:589, 2003.
[143] J. Rieppo, M. M. Hyttinen, E. Halmesmäki, H. Ruotsalainen, A. Vasara, I. Kivi-
ranta, J.S. Jurvelin, and H.J. Helminen. Remodelation of collagen network archi-
tecture during cartilage maturation. Transact Orthop Res Soc, 29:549, 2004.
[144] J. Rieppo, M. M. Hyttinen, R. Lappalainen, J.S. Jurvelin, and H.J. Helminen. Spa-
tial determination of water, collagen and proteoglycan contents by fourier trans-
form infrared imagin and digital densitometry. Transact Orthop Res Soc, 29:1021,
2004.
[145] P. J. Roughley. The structure and function of cartilage proteoglycans. Eur Cell
Mater, 12:92–101, 2006.
References 79
[146] P. J. Roughley and E. R. Lee. Cartilage proteoglycans: structure and potential
functions. Microsc Res Tech, 28(5):385–397, 1994.
[147] E. Roux and L. De Broe. Contrast agents in magnetic resonance imaging. J Belge
Radiol, 71(1):31–36, 1988.
[148] J. D. Rubenstein, J. K. Kim, I. Morova-Protzner, P. L. Stanchev, and R. M.
Henkelman. Effects of collagen orientation on MR imaging characteristics of bovine
articular cartilage. Radiology, 188(1):219–226, 1993.
[149] S. Saarakkala, M. S. Laasanen, J. S. Jurvelin, K. Törrönen, M. J. Lammi, R. Lap-
palainen, and J. Töyräs. Ultrasound indentation of normal and spontaneously
degenerated bovine articular cartilage. Osteoarthritis Cartilage, 11(9):697–705,
2003.
[150] S. W. Sajdera and V. C. Hascall. Proteinpolysaccharide complex from bovine nasal
cartilage. A comparison of low and high shear extraction procedures. J Biol Chem,
244(1):77–87., 1969.
[151] J. T. Samosky, D. Burstein, W. Eric Grimson, R. Howe, S. Martin, and M. L.
Gray. Spatially-localized correlation of dGEMRIC-measured GAG distribution
and mechanical stiffness in the human tibial plateau. J Orthop Res, 23(1):93–101,
2005.
[152] G. E. Santyr, E. J. Fairbanks, F. Kelcz, and J. A. Sorenson. Off-resonance spin
locking for MR imaging. Magn Reson Med, 32(1):43–51, 1994.
[153] R. M. Schinagl, D. Gurskis, A. C. Chen, and R. L. Sah. Depth-dependent confined
compression modulus of full-thickness bovine articular cartilage. J Orthop Res,
15(4):499–506, 1997.
[154] D. E. Schwartz, Y. Choi, L. J. Sandell, and W. R. Hanson. Quantitative analysis
of collagen, protein and DNA in fixed, paraffin-embedded and sectioned tissue.
Histochem J, 17(6):655–663, 1985.
[155] R. E. Sepponen, J. A. Pohjonen, J. T. Sipponen, and J. I. Tanttu. A method for
T1ρ imaging. J Comput Assist Tomogr, 9(6):1007–1011, 1985.
[156] L. A. Setton, W. Zhu, and V. C. Mow. The biphasic poroviscoelastic behavior of
articular cartilage: role of the surface zone in governing the compressive behavior.
J Biomech, 26(4-5):581–592., 1993.
[157] E. M. Shapiro, A. Borthakur, A. Gougoutas, and R. Reddy. 23Na MRI accurately
measures fixed charge density in articular cartilage. Magn Reson Med, 47(2):284–
291, 2002.
[158] E. M. Shapiro, A. Borthakur, J. H. Kaufman, J. S. Leigh, and R. Reddy. Water
distribution patterns inside bovine articular cartilage as visualized by 1H magnetic
resonance imaging. Osteoarthritis Cartilage, 9(6):533–538, 2001.
80 References
[159] T. S. Silvast, J. S. Jurvelin, M. J. Lammi, and J. Töyräs. The contrast agent
enhanced cartilage tomography: diffusion and equilibrium distribution of contrast
agent in human articular cartilage. Transact Orthop Res Soc, 33:193, 2008.
[160] J. Soulhat, M. D. Buschmann, and A. Shirazi-Adl. A fibril-network-reinforced
biphasic model of cartilage in unconfined compression. J Biomech Eng, 121(3):340–
347, 1999.
[161] G. J. Stanisz and R. M. Henkelman. Gd-DTPA relaxivity depends on macromolec-
ular content. Magn Reson Med, 44(5):665–667, 2000.
[162] G. J. Stanisz, E. E. Odrobina, J. Pun, M. Escaravage, S. J. Graham, M. J. Bron-
skill, and R. M. Henkelman. T1, T2 relaxation and magnetization transfer in tissue
at 3T. Magn Reson Med, 54(3):507–512, 2005.
[163] J. K. Suh, Z. Li, and S. L. Woo. Dynamic behavior of a biphasic cartilage model
under cyclic compressive loading. J Biomech, 28(4):357–364, 1995.
[164] C. Tiderius, M. Hori, A. Williams, L. Sharma, P. V. Prasad, M. Finnell, C. McKen-
zie, and D. Burstein. dGEMRIC as a function of BMI. Osteoarthritis Cartilage,
14(11):1091–1097, 2006.
[165] C. J. Tiderius, R. Jessel, Y. J. Kim, and D. Burstein. Hip dGEMRIC in asymp-
tomatic volunteers and patients with early osteoarthritis: the influence of timing
after contrast injection. Magn Reson Med, 57(4):803–805, 2007.
[166] C. J. Tiderius, L. E. Olsson, H. de Verdier, P. Leander, O. Ekberg, and L. Dahlberg.
Gd-DTPA2−-enhanced MRI of femoral knee cartilage: a dose-response study in
healthy volunteers. Magn Reson Med, 46(6):1067–1071, 2001.
[167] C. J. Tiderius, L. E. Olsson, P. Leander, O. Ekberg, and L. Dahlberg. Delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC) in early knee osteoarthritis.
Magn Reson Med, 49(3):488–492, 2003.
[168] C. J. Tiderius, L. E. Olsson, F. Nyquist, and L. Dahlberg. Cartilage glycosamino-
glycan loss in the acute phase after an anterior cruciate ligament injury: delayed
gadolinium-enhanced magnetic resonance imaging of cartilage and synovial fluid
analysis. Arthritis Rheum, 52(1):120–127, 2005.
[169] S. Trattnig, S. Marlovits, S. Gebetsroither, P. Szomolanyi, G. H. Welsch, E. Sa-
lomonowitz, A. Watanabe, M. Deimling, and T. C. Mamisch. Three-dimensional
delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) for in vivo evaluation
of reparative cartilage after matrix-associated autologous chondrocyte transplan-
tation at 3.0T: Preliminary results. J Magn Reson Imaging, 26(4):974–982, 2007.
[170] J. Töyräs, M. S. Laasanen, S. Saarakkala, M. Lammi, J. Rieppo, J. Kurkijärvi,
R. Lappalainen, and J. S. Jurvelin. Speed of sound in normal and degenerated
bovine articular cartilage. Ultrasound Med Biol, 29(3):447–454, 2003.
References 81
[171] M. Venn and A. Maroudas. Chemical composition and swelling of normal and
osteoarthrotic femoral head cartilage. i. chemical composition. Ann Rheum Dis,
36(2):121–129, 1977.
[172] A. Watanabe, Y. Wada, T. Obata, T. Ueda, M. Tamura, H. Ikehira, and H. Moriya.
Delayed gadolinium-enhanced MR to determine glycosaminoglycan concentration
in reparative cartilage after autologous chondrocyte implantation: preliminary re-
sults. Radiology, 239(1):201–208, 2006.
[173] A. Watanabe, Y. Wada, T. Obata, T. Ueda, M. Tamura, H. Moriya, and H. Ikehira.
dGEMRIC for evaluation of reparative cartilage after autologous chondrocytes im-
plantation. In Proc Intl Soc Mag Reson Med, volume 11, page 2592, Kyoto, 2004.
[174] A. Watrin, J. P. Ruaud, P. T. Olivier, N. C. Guingamp, P. D. Gonord, P. A. Netter,
A. G. Blum, G. M. Guillot, P. M. Gillet, and D. H. Loeuille. T2 mapping of rat
patellar cartilage. Radiology, 219(2):395–402, 2001.
[175] A. Watrin-Pinzano, J. P. Ruaud, Y. Cheli, P. Gonord, L. Grossin, P. Gillet,
A. Blum, E. Payan, P. Olivier, G. Guillot, P. Netter, and D. Loeuille. T2 mapping:
an efficient MR quantitative technique to evaluate spontaneous cartilage repair in
rat patella. Osteoarthritis Cartilage, 12(3):191–200, 2004.
[176] A. Watrin-Pinzano, J. P. Ruaud, P. Olivier, L. Grossin, P. Gonord, A. Blum,
P. Netter, G. Guillot, P. Gillet, and D. Loeuille. Effect of proteoglycan depletion
on T2 mapping in rat patellar cartilage. Radiology, 234(1):162–170, 2005.
[177] J.S. Wayne, K.A. Kraft, K.J. Shields, C. Yin, J.R. Owen, and D.G. Disler. MR
imaging of normal and matrix-depleted cartilage: Correlation with biomechanical
function and biochemical composition. Radiology, 228:493–499, 2003.
[178] A. J. Wheaton, A. Borthakur, M. Corbo, S. R. Charagundla, and R. Reddy.
Method for reduced SAR T1ρ-weighted MRI. Magn Reson Med, 51(6):1096–1102,
2004.
[179] A. J. Wheaton, A. Borthakur, G. R. Dodge, J. B. Kneeland, H. R. Schumacher,
and R. Reddy. Sodium magnetic resonance imaging of proteoglycan depletion in
an in vivo model of osteoarthritis. Acad Radiol, 11(1):21–28, 2004.
[180] A. J. Wheaton, F. L. Casey, A. J. Gougoutas, G. R. Dodge, A. Borthakur, J. H.
Lonner, H. R. Schumacher, and R. Reddy. Correlation of T1ρ with fixed charge
density in cartilage. J Magn Reson Imaging, 20(3):519–525, 2004.
[181] A. J. Wheaton, G. R. Dodge, A. Borthakur, J. B. Kneeland, H. R. Schumacher,
and R. Reddy. Detection of changes in articular cartilage proteoglycan by T1ρ
magnetic resonance imaging. J Orthop Res, 23(1):102–108, 2005.
82 References
[182] A. J. Wheaton, G. R. Dodge, D. M. Elliott, S. B. Nicoll, and R. Reddy. Quan-
tification of cartilage biomechanical and biochemical properties via T1ρ magnetic
resonance imaging. Magn Reson Med, 54(5):1087–1093, 2005.
[183] E. Wiener, K. Woertler, G. Weirich, E. J. Rummeny, and M. Settles. Contrast
enhanced cartilage imaging: Comparison of ionic and non-ionic contrast agents.
Eur J Radiol, 63(1):110–119, 2007.
[184] A. Williams, A. Gillis, C. McKenzie, B. Po, L. Sharma, L. Micheli, B. McKeon, and
D. Burstein. Glycosaminoglycan distribution in cartilage as determined by delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC): potential clinical applications.
AJR Am J Roentgenol, 182(1):167–172, 2004.
[185] A. Williams, B. Mikulis, N. Krishnan, M. Gray, C. McKenzie, and D. Burstein.
Suitability of T(1Gd) as the "dGEMRIC index" at 1.5T and 3.0T. Magn Reson
Med, 58(4):830–834, 2007.
[186] A. Williams, L. Sharma, C. A. McKenzie, P. V. Prasad, and D. Burstein. De-
layed gadolinium-enhanced magnetic resonance imaging of cartilage in knee os-
teoarthritis: findings at different radiographic stages of disease and relationship to
malalignment. Arthritis Rheum, 52(11):3528–3535, 2005.
[187] W. Wilson, N. J. Driessen, C. C. van Donkelaar, and K. Ito. Prediction of collagen
orientation in articular cartilage by a collagen remodeling algorithm. Osteoarthritis
Cartilage, 14(11):1196–1202, 2006.
[188] S. D. Wolff and R. S. Balaban. Magnetization transfer contrast (MTC) and tissue
water proton relaxation in vivo. Magn Reson Med, 10(1):135–144, 1989.
[189] Y. Xia, T. Farquhar, N. Burton-Wurster, E. Ray, and L. W. Jelinski. Diffusion
and relaxation mapping of cartilage-bone plugs and excised disks using microscopic
magnetic resonance imaging. Magn Reson Med, 31(3):273–282, 1994.
[190] Y. Xia, J. B. Moody, and H. Alhadlaq. Orientational dependence of T2 relax-
ation in articular cartilage: A microscopic MRI (µMRI) study. Magn Reson Med,
48(3):460–469., 2002.
[191] Y. Xia, J. B. Moody, H. Alhadlaq, N. Burton-Wurster, and G. Lust. Characteristics
of topographical heterogeneity of articular cartilage over the joint surface of a
humeral head. Osteoarthritis Cartilage, 10(5):370–380, 2002.
[192] Y. Xia, J. B. Moody, H. Alhadlaq, and J. Hu. Imaging the physical and morpholog-
ical properties of a multi-zone young articular cartilage at microscopic resolution.
J Magn Reson Imaging, 17(3):365–374, 2003.
[193] Y. Xia, J. B. Moody, N. Burton-Wurster, and G. Lust. Quantitative in situ corre-
lation between microscopic MRI and polarized light microscopy studies of articular
cartilage. Osteoarthritis Cartilage, 9(5):393–406., 2001.
References 83
[194] E. Yelin and L. F. Callahan. The economic cost and social and psychological impact
of musculoskeletal conditions. National Arthritis Data Work Groups. Arthritis
Rheum, 38(10):1351–1362., 1995.

ORIGINAL PUBLICATIONS
Kuopio University Publications C. Natural and Environmental Sciences 
 
 
 
C 213. Georgiadis, Stefanos. State-Space Modeling and Bayesian Methods for Evoked  
Potential Estimation.  
2007. 179 p. Acad. Diss. 
 
C 214. Sierpowska, Joanna. Electrical and dielectric characterization of trabecular bone quality. 
2007. 92 p. Acad. Diss.  
 
C 215. Koivunen, Jari. Effects of conventional treatment, tertiary treatment and disinfection 
processes on hygienic and physico-chemical quality of municipal wastewaters.  
2007. 80 p. Acad. Diss.  
 
C 216. Lammentausta, Eveliina. Structural and mechanical characterization of articular cartilage 
and trabecular bone with quantitative NMR .  
2007. 89 p. Acad. Diss.  
 
C 217. Veijalainen, Anna-Maria. Sustainable organic waste management in tree-seedling 
production.  
2007. 114 p. Acad. Diss.  
 
C 218. Madetoja, Elina. Novel process line approach for model-based optimization in papermaking. 
2007. 125 p. Acad. Diss.  
 
C 219. Hyttinen, Marko. Formation of organic compounds and subsequent emissions from  
ventilation filters.  
2007. 80 p. Acad. Diss.  
 
C 220. Plumed-Ferrer, Carmen. Lactobacillus plantarum: from application to protein expression. 
2007. 60 p. Acad. Diss. 
 
C 221. Saavalainen, Katri. Evaluation of the mechanisms of gene regulation on the chromatin  
level at the example of human hyaluronan synthase 2 and cyclin C genes.  
2007. 102 p. Acad. Diss. 
 
C 222. Koponen, Hannu T. Production of nitrous oxide (N2O) and nitric oxide (NO) in boreal 
agricultural soils at low temperature.  
2007. 102 p. Acad. Diss. 
 
C 223. Korkea-aho, Tiina. Epidermal papillomatosis in roach (Rutilus rutilus) as an indicator of 
environmental stressors. 
2007. 53 p. Acad. Diss.  
 
C 224. Räisänen, Jouni. Fourier transform infrared (FTIR) spectroscopy for monitoring of solvent 
emission rates from industrial processes. 
2007. 75 p. Acad. Diss.  
 
C 225. Nissinen, Anne. Towards ecological control of carrot psyllid (Trioza apicalis). 
2008. 128 p. Acad. Diss.  
 
C 226. Huttunen, Janne. Approximation and modellingerrors in nonstationary inverse problems. 
2008. 56 p. Acad. Diss.  
 
C 227. Freiwald, Vera. Does elevated ozone predispose northern deciduous tree species to abiotic 
and biotic stresses? 
2008. 109 p. Acad. Diss.  
